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Abstract
The following series of documents illustrate the design processes performed by a senior project
team of three students in the mechanical engineering program at California Polytechnic State
University in San Luis Obispo. The designs produced and discussed in this report were created
for sponsors from the San Luis Obispo Botanical Garden (SLOBG), Eve Vigil and Michael Kahl.
The project focuses on the redesign, production process, and implementation of two successful,
functional interactive physics exhibits: a gearbox and an air cannon. We found that the previous
exhibits were salvageable and demonstrated design features we wanted to improve upon. To
focus on one project at a time we have been approved by Daniel Castro, our senior project
advisor, to only discuss the air cannon design process in the Final Design Review (FDR)
document. This document discusses the reasons and justification we have for our final air cannon
design, which mainly emphasizes durability. Since durability was the chief concern with the
previous air cannon, we made design changes with longevity in mind along with other
engineering specifications, which were met completely as seen in our testing and design
verification sections. The changes we made consisted of replacing the previous plastic
diaphragm to a solid acrylic piston and reinforcing the assembly with a pair of steel supports.
With the gear exhibit, we simplified the gear trains and devised a way for users to race each
other through lifting weights via pulleys. These exhibits will be available in the Children’s
Garden section of the SLOBG with the intention to educate child and parents alike about the
concept of gear trains and energy transfer.

Introduction
The San Luis Obispo Botanical Garden (SLOBG) is nature space located in El Chorro Regional
Park in San Luis Obispo that showcases different species of plants from around the world.
Located within the garden is a children’s garden where our sponsor, Eve Vigil, was looking to
incorporate physics-based learning for children within the ranges of 3rd-6th grade. During the
2020-2021 school year, two senior project teams from Cal Poly were tasked with designing,
building, and installing the first exhibits in the garden. Even through a year filled with
restrictions due to the Covid-19 pandemic, they were able to install an air cannon and a gear box
exhibit that explained the concepts of fluid mechanics and gear mechanics in a way that kids
could understand.
Unfortunately, both exhibits failed within a few months of installation at the garden, and they
were not as engaging and understandable for children as hoped. Therefore, our team was tasked
with improving these exhibits for their second installation. This senior project report is the
culmination of our work on brainstorming, designing, building, installing, and testing these
exhibits.
The report is broken into four parts which are compiled from separate reports created throughout
the year. These four parts, in the order they appear, and what each contains are as follows:
Part I: Scope of Work (SOW). This report contains our initial background research on the
problem we were given. It contains our analysis of what our design needed to achieve and
outlines specifications that our design needed to meet. Finally, it gives a timeline of how we
were going to create a final prototype that meets our specifications.
Part II: Preliminary Design Review (PDR). This report was used to justify our chosen design
direction for the final prototype to our sponsors. Contained within it is concept generation and
selection to determine which ideas best would meet our design specifications. The report details
the design direction we chose to head in and outlined how it would meet the criteria set in our
SOW.
Part III: Critical Design Review (CDR). This report was used to show our final design direction
and prove to our sponsors that it would work. It contains the full explanation of the design and
justification to why the chosen design would meet all our specifications. It includes all steps
necessary to manufacturing our design along with drawings for parts and assembly of the
product. Finally, this report outlined our testing plan to for our built design to prove it meets the
specifications.
Part IV: Final Design Review (FDR). This report describes how we manufactured and assembled
our verification prototype and tested it to meet our specifications. Design changes from CDR are
explained and all results from testing the final prototype are included. The report finishes with a
discussion of the project and our design and recommendations for future work.
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Abstract
The San Luis Obispo Botanical Garden (SLOBG) is a non-profit organization for people of all
ages to explore nature. Sponsors from the SLOBG reached out to Cal Poly’s Mechanical
Engineering department for aid in the implementation and restoration of a physics exhibit in their
children’s park. The park’s current exhibits are an air cannon and an interactive display of two
gear trains, both of which are currently non-functional. The purpose of each is to introduce
young minds to important and interesting physical concepts in a simplified way that is
informative and fun for children and parents alike.

To define the scope of work, extensive background research was performed as well as interviews
with the sponsors to clearly lay out the project definition as well as the customer needs and
wants. With these in mind, the objectives of the improved exhibits were developed using a
technique called Quality of Functional Deployment (QFD). Finally, a design process was
outlined so that the new exhibits can be designed and manufactured in a timely manner. This
scope of work document defines the scope of the project and details the design research and
tentative project timeline.
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1.0 - Introduction
Eve Vigil and Michael Kahl, supervisors of the children’s garden physics projects that are
commissioned by the San Luis Obispo Botanical Garden (SLOBG), submitted a senior project
proposal for repair and redesign of previous senior design projects. The previous team’s goal was
to implement a family-friendly and long-lasting physics exhibit in the SLOBG children’s park.
While the initial installation was successful, there were issues that arose shortly after the park
opened to the public. The two interactive exhibits are a gear train and an air cannon, and the
primary concerns pertained to each project’s functionality and durability. The current gear train
is in poor condition, with water damage from poor seals, and lacks aesthetic appeal. The air

cannon is not functional, with the piston inside the cylinder broken and thus no way to push air,
and the absence of childproofing made it easy to be tampered with and damaged. Both exhibits
have other issues concerning their functionality, primarily regarding their documentation and
explanation, as well as their durability. Informational signs posted around the exhibits are too
technical for most people to interpret easily, and the exhibits themselves are not very exciting
visually or entertaining enough to appeal to children. The following section of this document
delves into our project requirements, as well as technical and qualitative research on what the
team needs to accomplish. The Background section discusses our customer, product, and
technical design research, as well as provides a more in-depth introduction to the stakeholders.
The Project Scope section details the stakeholders’ needs and wants, as well as includes a
breakdown of our functional decomposition, which is a visual representation of the team’s
problem-solving process. Finally, the Conclusion section restates the purpose of this document,
an overview of the design challenge, as well as an overview of future deliverables and timing.
All citations and attachments can be found at the end of this report in the References and
Appendices section.

Figure 1: Present Exhibits

Gearbox

Air Cannon

2.0 - Background
To better define our problem and gain an understanding for the scope of work, we performed
background research. This research, shown below, is broken into three main sections: customer
research, product research, and technical research. Our customer research aimed at defining the
needs and wants of the customer and included an interview with the project sponsor. The product
research was used to find and evaluate solutions that existed or products similar to what our final
design could entail. Finally, technical research was conducted to find journal articles and patents
that could be used for inspiration in designing a solution.
2.1 – Customer Research
To understand the scope of our project and the potential needs and wants of our customer we
interviewed our project sponsors Eve Vigil, the president and founder of San Luis Obispo
Botanical Gardens, and former 4th grade teacher Michael Kahl. Ms. Vigil and Mr. Kahl showed
us the current broken exhibits and told us what they thought the new project should entail. We
also reviewed the previous customer interviews conducted by one of the senior project teams last
year that created the initial air cannon [1].
Along with conducting interviews, some additional research was performed to better understand
what our customers wanted in an exhibit. Reviews of the SLO children’s museum and the
Exploratorium, one of the most highly rated math and science museums in the country, were
looked over so that we could determine what satisfied visitors. Between the two museums the
most consistent positive reviews came from people who spent hours at the exhibits and from
parents who felt actively involved in their kids learning. The more critical reviews came from
people who did not feel the exhibits were interesting to both them and their kid, and when
exhibits were non-functional [2]-[3].
A journal article on parents’ views of kids learning opportunities in museums was also reviewed
[4]. This article emphasized the need for appropriate signage for parents to guide their kids
through the learning process. This article complimented takeaways we found from the guide,
“Enhancing Young Children's Museums: A Manual for Museum Staff” [5]. From this guide we
learned that if parents understood the topics presented, they could ask open ended questions to
their kids to improve the learning experience.
From these reviews, journal article, and guide we knew that emphasizing the parents would be a
key part in keeping kids engaged in our exhibits. Therefore, extra emphasis will be placed on the
explanations of the physics concepts behind the displays, so that parents can understand them
since they play a pivotal role in whether their children learn and retain information.
2.2 - Product Research
As part of the product research process, we compiled a list of five patents that could possibly
replace the air cannon and/or gearbox if remodeling the existing design would be unfeasible.
This was also done to examine the nature of other common interactive models for grade school
children that demonstrate a physics concept. Components of these designs may also be
incorporated into our redesign process if appropriate. A table of these patents collected from
Google Patents is shown in Table 1
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Table 1. Related Patents
Patent
Name
A Kind of
Mechanical
Demonstrati
on Teaching
Aid of
Lever
Principle

Patent
Number
CN20657433
7U

Acting
Force and
Counterforc
e
Demonstrati
on Device

CN20292991
6U

Friction
Force
Demonstrati
on Contrast
Experiment'
s Device

CN20680587
1U

Lever
Principle
Demonstrati
on Teaching
Aid for
Physics
Teaching
Mechanics
Demonstrati
on Device
for Physics
Experiments

CN20609762
3U

Characteristics
•
•

•

•
•

•

•
•

CN10809122
1B

•

•

Demonstrates
concept of a
lever
Introduces
conversion of
potential to
kinetic energy
Shows the
equal and
opposite
reaction of an
applied force
Visualizes
force of
gravity
Shows how
surfaces affect
friction
between
objects
Children can
adjust arm to
affect the force
of friction
Demonstrates
leverage
Displays a
mechanical
advantage
Teaches
multiple
physics
concepts
Shows how
rotational
forces can be
converted into
pulling forces
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In addition to these patented products, there are plenty of unpatented implementations of physics
concepts existing in various children’s museums. The Children’s Museum Houston has an
interactive gear setup, wherein children interact with two different gear arrangements; the user
gets hands-on experience with gearing up and gearing down to increase speed with a decreased
output force, and decrease speed with an increase output force, respectively. The user takes note
of which gear orientation causes the gear being driven to spin faster, or which orientation is more
difficult to turn [6]. A similar product to the gear exhibit at The Children’s Museum Houston is a
gear assembly experiment produced by LEGO. The LEGO WeDo kit has many lesson plans
available to go along with the kit, one of which is specifically about exploring gears. One of the
points of the lesson plan is to introduce kids to different gear assemblies and the idea of gearing
up and gearing down. [7] Another existing product is an air cannon from Kidspace, a children’s
museum in Pasadena, California. Their air cannon is in an outdoor park and has a small table
nearby to hold plastic cups as targets. The user forces air out of the cannon by pressing in on a
plunger rod, which moves a piston on the inside of the cannon and pushes the air. [8]. In addition
to being a popular museum exhibit, handheld air cannons are sold for fun at home. They can be
made using various household objects [9] or sold in toy stores and online shops [10].
It is important to keep in mind that the goal of this project is to salvage the existing designs. This
will greatly reduce any logistical concerns and hopefully keep our proposal under the stated
budget. Thus, the designs we found during our patent research is intended to replace one or both
previous exhibits only if they are deemed unsalvageable after further analysis.
2.3 - Technical Research
One of the important considerations in our redesign process are the possible dangers. It will be
essential to use noncorrosive metals, or those that have already been treated, which is
emphasized in the “ASTM F1487-21: Playground Equipment for Public Use Standard” [11]. We
must assure that users cannot ingest or inhale any materials, and we will prioritize the use of
wood that is unlikely to rot. It will be important to consider the durability of the wood in the
exhibits. Unfortunately, any application of finish on wood is not yet sufficiently durable to
compete with other materials such as PVC or Aluminum [12]. This consideration must be
emphasized during the material selection process later in the project. However, wood is a cheap
and readily available material, so it is in the interest of our project scope to utilize it over more
expensive composites whenever possible if it satisfies our durability concerns. In “Materiales de
Construcción”, we learned that the addition of protective eaves can help prevent moisture from
ruining wood [13]. The distance of the wood from the ground will also affect the eventual decay,
as well as how wooden beams are oriented. It will be favorable toward the design life to orient
beams vertically rather than horizontally. In addition, we found that wood-plastic composites
offer better dimensional stability, lower water uptake, and protection against fungi than wood
[14]. Also, composites with 50% wood and 39% HDPE were the best strength for the cost, so
this will be an important design consideration for the supports we will use for both the air cannon
and the gearbox. To prevent discoloration, the coating of a wood-plastic composite with a
plastics layer will be the best method. Based upon the life span of typical playground
installations, as well as our sponsors wants, we will have to design our exhibits around a 10-year
7

life span [15]. Therefore, we will have to carefully decide which materials we want to use based
on the information we derived in our technical research.
A possible load case we will have to consider is the event that a child will climb on the exhibits.
Our target audience is the range between 3rd and 6th grade, which is around 8 years old and 11
years old respectively. With this into account we will use the average 12-year old’s weight as a
load case in our Finite Element Analysis (FEA) process, which was approximately 100 lbf [16].
The supports we design will account for a child climbing or being placed onto the acrylic panels
of the gearbox or air cannon. This consideration is used to ensure further safety of the play area
and to abide by playground codes stated by the ASTM [11].
Another load case we will have to consider is due to weather conditions. The most consistent
weather load case is wind loading. SLOBG sits in a valley between two hills with the exhibits
currently backing to an eastern hill. Therefore, the exhibits are exposed to north and westerly
winds which are the most predominant in San Luis Obispo County year-round and average
around 9 miles per hour [17]. Our exhibits will have to be designed to withstand the stresses
induced by these winds. We will also have to consider the airflow from the air cannon being
great enough to not be affected by the winds. The other weather condition we must consider is
rain. From October to April there is an average of 0.5 inches of rain per month [17]. Therefore,
for our exhibits to last a decade they will need to be waterproofed.
2.4 – Background Summary
From our research we had a few main takeaways. We learned that our most important customer
to please was most likely not the children using the exhibit but is the parents who play a huge
role in helping their children stay engaged with an exhibit and understand the concepts behind it.
Therefore, we will improve the exhibits by ensuring adults understand the physics behind them
and encouraging questioning what the kids are learning so they can take more away from the
experience. We also learned that exhibits like the ones we are improving exist in museum
settings that are designed for heavy use by kids. Knowing this, we can improve the durability of
the current exhibits by seeing how these museums designed parts that failed on the current
exhibits in SLOBG. Finally, from our research we learned that material selection is going to be
critical in the durability of the exhibits. We will need to use materials that have a long lifetime in
wet conditions, such as plastics, coated metals, and composites, to ensure that these exhibits will
meet the sponsors desired lifetime of 10 years.
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3.0 - Project Scope
The main goals are of this project are to improve on the designs of the previous exhibits, and to
repair and redesign components of the already-existing assemblies. Changes to be made will be
based on the stakeholders’ wants and needs, which are listed below in the following table.
Table 2: Customer Wants and Needs Table
Wants
Modify existing design/display with full
overhaul
Audio output for children
Simplified signs and QR codes to better
explain physics concepts to parents and
children
Gear train and housing to be visually pleasing
Stay within $500 ME department budget
Better sight / aim for cannon

Needs
Strong visual output to engage children
Durability against the elements (namely wind and
rain)
Easy maneuverability for small children
Way to explain / communicate exhibit concepts to
parents so they can discuss it with their children
Safety features and considerations (no pinch points,
sharp edges, etc.)

To break down the process and map out how we plan to accomplish these goals, we made a
functional decomposition graphic showing what our changes should be able to accomplish. Our
functional decomposition, shown below, is color-coded to differentiate between actions for either
exhibit, as well as actions for the overall project.
The basic functions we chose to be a part of our scope are seen in the second row of the
functional decomposition shown in Figure 2. Pushing air and turning the gears are both basic
functions that are necessary for the exhibits to function; therefore, we found them important to
include in our scope. Enlivening the visuals, engaging the users, and aiming/turning the air
cannon were all functions important for the user experience based off research and feedback
from Ms. Vigil and Mr. Kahl; therefore, they are included as a part of our scope. Finally,
withstanding the environment, whether it be kids or the elements, is a focus included in our
scope since we want the new exhibits to be more durable and usable than the current iterations.
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Figure 2: Functional Decomposition
The end goal of this project is to repair and optimize the pre-existing exhibits in the SLOBG
children’s garden. Deliverables will be dependent on the extent of the redesign and potential
rebuild of individual components of the assembly. Planned deliverables for the end of the project
are updated components and/or housings that make the exhibits more durable and long-lasting, as
well as updated visuals and stylistic changes that make the physics section of the children’s park
more easily interpretable, engaging, and exciting for the kids.
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4.0 – Objectives
4.1 - Problem Statement
The official problem statement of this project reads as follows: Eve Vigil at the SLO Botanical
Garden needs design improvements to eliminate mechanical and fatigue issues for their
interactive children's exhibits because the previous installments were damaged after a short
period of use by the imaginative children. Our solution is intended to be a redesign of the
existing models, and not a full overhaul of the previous designs since there are budgetary
concerns with the SLO Botanical Garden. The primary stakeholder wants and needs emphasize
usability, maintainability, and an interest to both children and parents.
4.2 - Boundary Diagram

Figure 3. Boundary Diagram for Air Cannon and Gearbox
We constructed a boundary diagram to give us a visual aid of the scope of this project. Anything
within the dotted lines is within our discretion to be changed. This includes the air cannon,
targets, informational diagrams, and the gearbox. Outside of the boundary is the environment
that we must account for, including the botanical garden itself and any users of the exhibits. The
exhibits primarily take into consideration both children and parents as users, which are indicated
in our list of specifications. Since we are allowed the possibility of a complete redesign, the
entire exhibits lay within the boundary. However, a complete overhaul will be a last resort, and
we will aim at a redesign of the existing structures due to logistical and budgetary concerns.
4.3 - Quality Function Deployment (QFD)
The Quality Function Deployment process is used to compile a list of customer desires and
priorities, and then to translate these goals into measurable requirements. A House of Quality is a
11

diagram that focuses on the wants and needs of the consumer and then provides a correlation
between these and a list of engineering specifications that allow the requirements to be
quantifiable. The left side of the diagram is a list of customer specifications needed for the
design process. A list of these customer specifications are listed as wants and needs in the Project
Scope section. Each specification was rated on a scale from 1 to 5 (i.e. 1- not important 5extremely important). The top rows of the diagram include the engineering specifications that we
devised in order to reach these consumer goals. Among these specifications were cost, child
interactivity, and appeal. The relationships between the customer requirements and the
engineering specifications are then characterized as having a strong, moderate, or weak
relationship. The top of the diagram reveals if there is a positive or negative correlation between
the requirements and the specifications. Creating a list of specifications allows us to refine what
we will consider for the design process of the product. The full house of quality diagram is
included in Appendix A.
4.4 Engineering Specifications and Risk Assessment
Figure 4 shows a table of engineering specifications that we plan to meet. Each row contains a
description of the specification and a requirement in order to reach that specification. If the
requirement is quantifiable, we included a numerical tolerance. The compliance column contains
the methods by which we will determine if the specifications are met. The methods included are
Analysis (A), Test (T), Similarity to Existing Designs (S), and Inspection (I). We also included a
risk column which characterizes the specifications as either high-risk or low risk.
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Table 3. Specifications Table for Air Cannon and Gearbox
Spec.
#

Description

1
2
3

Reusing Installed Posts
Force Test
Sound Test

4
5

Fully Enclosed
Interaction Time

6
7
8
9

Easily Communicable
Low Cost
Accessible
Easy to Reassemble

Requirement
Reusing All of the
Structure
10 lbf
100 dB
Water/Dirt Should Not
Intrude
10 minutes
4th Grade Reading Level
$500
40 Inches from Ground
1 hour

Tolerance

Risk

Compliance

n/a
+2 lbf/-3 lbf
+10/-25 dB

H
L
L

A,I,S
A,I,T
A,I,T

n/a
+10/-5 minutes
+2 grade/-1
grade
+50/-300
+15 in/-15 in
+20 min/-30 min

H
L

I
I

H
H
L
L

A
A
A
I

The specifications that we will prioritize are the reuse of the current structures and the full
enclosure of the exhibits. A revision of the present displays will entail our entire design process
and plans for construction throughout the entire year; therefore, we characterize this as a highrisk assessment. Full enclosure of the air cannon has been a key issue for the San Luis Obispo
Botanical Garden, because issues arose with children placing dirt inside the air cannon drum
which limits its function. Also, the gearbox needs to be protected from water damage in order to
reach a minimum 10-year life. A detailed table of our specifications which discusses importance
and assessment can be viewed in Table 3.
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Figure 4: List of Engineering Specifications
1. Reusing Installed Posts – It will be a high priority to reuse the current structure since they
are currently salvageable; this will also be financially feasible. The exhibits will either be
revised or replaced.
2. Force Test – A load of 10 lbf will be used in our product testing to ensure that all size
children can operate the exhibits. This will be both calculated and measured using a load
scale.
3. Sound Test – The interactive displays should be within a certain degree of loudness, and
we will measure this with a Decibel meter.
4. Fully Enclosed – Exhibits must be formally enclosed to prevent water seepage and child
interference with the device itself. We will test this experimentally with different materials
and methods of enclosure.
5. Interaction Time – In order to assess a user’s interest in the display we will measure the
average time that it takes them to interact with it. This will be done by observing users.
6. Easily Communicable – The displays must be easily communicable with a young
audience, so we will aim for a 4th grade reading level for our interpretive signs and test
this by creating a survey for potential users.
7. Low Cost – To make this project financially feasible for the San Luis Obispo Botanical
Garden, we will aim to spend at or under the $500 department budget we are allowed.
8. Accessible – The interactive exhibits’ handling features must be accessible for all ages and
disabilities; therefore, we have set a goal for the display controls to be 40 inches above the
ground with a tolerance of 15 inches.
9. Easy to Reassemble – In the case that the exhibit must be removed and reassembled for
maintenance we have aimed for the reassembly process to take an hour long. We will time
a mock reassembly session in order to test this.
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5.0 - Project Management
This section will detail how our design process will look through the next year.
5.1 – Design Process and Key Milestones
The design process will be split into three quarters that span about 10 weeks according to Cal
Poly’s curriculum. The first ten weeks (Fall Quarter) will be spent researching, ideating, and
prototyping to put together a preliminary design review (PDR). For this project we will build
concept models to visually represent ideas in which we will fix the current exhibits. From these
concept models a functional concept prototype will be built so that we can see which ideas work.
Finally, once we have our concept prototypes, we will present our idea for review to our class,
coaches, and sponsors through a PDR presentation and report.
The first few weeks of Winter Quarter will be used for advanced prototyping and analysis to
prepare for the critical design review (CDR). In this time an interim design review will be
performed among our peers and coaches to show the design decisions that have been made since
PDR, as well as future analyses and manufacturing plans. A structural prototype will then be
built to prove that our designs function as intended to for the CDR. Critical design review is
presented to the class, coaches, and sponsors to show our design, manufacturing plan, and
analyses to verify our design decisions. This structural prototype will also serve as our first test
installation at SLOBG so we can get real-world testing and see how the exhibits hold up to a
month of use.
Table 4: Chart of Relevant Due Dates
Date
10/28/2021
11/9/2021
11/18/2021
1/13/2022
1/13/2022
2/11/2022
2/11/2022
2/18/2022
3/18/2022
3/22/2022
4/26/2022
4/28/2022
5/17/2022
6/03/2022

Deliverable
Concept Models
Build Concept Prototype
Preliminary Design Review
Interim Design Review
Build Structural/First Test Prototype
Finish First Test Prototype for Installation at
SLOBG
Critical Design Review
Install Prototype for Testing at SLOBG
Evaluate Exhibits for wear
Start of Manufacturing for Final Prototype
Final Prototype Sign-off
Installation for Second Round of Testing at
SLOBG
Design Verification Sign-off
Final Design Review

After critical design review and a month of testing at SLOBG we will move into manufacturing
the final prototype. We will install and test this second prototype at SLOBG again and get design
15

verification for the final design review in June. The final design review will outline the process
of manufacturing our final prototype.
All deliverable milestones and their dates can be seen above in Table 4 while a detailed outline
of our design process can be seen in Appendix B where our Gantt chart is attached.

5.2 - Special Design Techniques
Since we are improving the existing designs that were built by the previous senior project teams,
we will be able to quickly prototype by modifying the existing designs. An elastic mechanism to
push air through the cannon will be designed and since the air cannon already exists, we can
install this replacement part and do testing immediately. For the gearbox, we will ideate ways to
make it more exciting via a more powerful visual, which we will use to replace the existing fans
to convey the physics concepts more effectively. We also plan to perform an extra round of
testing right after CDR as we can install our structural prototype at the garden and see how our
designs hold up to real-world use conditions.
5.3 - Next Steps until PDR
Once the scope of work is verified, we will create ideas for how we will improve the existing
designs. After coming up with these ideas, we will devise conceptual models that turn these ideas
into tangible designs. From these conceptual models we will select a few designs we want to
pursue and build conceptual prototypes and preliminary computer-aided designs. After analyzing
these conceptual prototypes, we will present our preliminary design review to our peers before
sending it to Ms. Vigil and Mr. Kahl for review and to indicate our current design direction.
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6.0 - Conclusion
The goal of this project is to review the following two designs made by past senior project
groups: an air cannon and a gearbox. We will then identify and learn from the issues that
resulted, and redesign them for improved functionality, usability, and durability. Our redesign
process will emphasize an improvement upon the existing structures, instead of a complete
overhaul, because this will ease any logistical or budgetary concerns. However, we have
compiled a list of possible replacements in case an overhaul is necessary. Since children can
have an unprecedented impact on any structure we design, we will focus on durability in our
material selection, and how we can extend the length of life by using composite materials and by
taking the environment into account. This Scope of Work document will be followed by a series
of ideation sessions that will generate ideas for prototyping. Our next deliverable will be our
concept models, which will be completed on October 28, 2021.
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Appendix A
Quality of Functional Deployment: House of Quality Table

Quality of functional deployment is a strategy used to listen to the needs of the customer and
respond to them when developing a product. The house of quality table is used to outline these
needs and produce a plan for a product that will satisfy the customer requirements.
The first step in creating the house of quality table is defining the customers. These customers
can be users of the product as well as those interacting with the product along the way to its final
customer. Next, the requirements of these customers are identified and ranked to see what
requirements are shared between each of the customers.
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Competitors to the product intended to be made are then identified and are ranked according to
how well they fulfill the customer requirements. This gives insight into what competitors are
doing well and what requirements their products are missing so that the new product can fulfill
that need.
From the requirements, specifications for the product to be made are identified and related to the
requirements. Specifications are things about the new product that can be tested. Each
specification must have a strong correlation with a requirement to ensure that requirement is
being fulfilled. Preliminary values for these specifications are filled in and ranked to the current
competition to see if competing products are meeting the design specifications proposed which
can give insight into how it can be done.
Finally, in the top of the table the specifications are identified to whether they need to be
minimized, maximized, or hit a target value. The top of the table also includes relationships
between specifications identifying them to whether they affect each other positively or
negatively. For example, a negative relationship would most likely occur between a thing that
needs to be strong and light as strength usually comes with weight. Meanwhile, a positive
relationship could occur if something needed to be light and cost effective as light things usually
use less materials resulting in lower costs.
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Appendix B
Gantt Chart

The Gantt chart is a project planning tool used to keep teams on track over long periods of time.
To create a Gantt chart first milestones of the project are identified and given due dates. Next,
tasks to achieve these milestones are put into the chart. Once these tasks have been filled in
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relationships between each task are assigned so that tasks that depend on another task being
complete are not assigned a start date before their preceding task. Finally, people are assigned to
each task and the progress of the team is updated throughout the project so that each milestone is
met in a timely manner, and any setbacks are recorded so the schedule can be modified.
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Abstract
This Preliminary Design Review (PDR) document illustrates the design process used by a senior
project team of three mechanical engineering students at California Polytechnic State University,
San Luis Obispo for sponsors at the San Luis Obispo Botanical Garden (SLOBG), Eve Vigil and
Michael Kahl. The project involves redesigning some current features of the air cannon and gear
box exhibits to allow them a ten-year lifespan and to improve the appeal to children. This
document details the ideation process, which compiled a list of possible ideas for a revamped
design of each exhibit. The best ideas were chosen for our final concept design direction and
used to build a concept protype for each exhibit. A project timeline included in the report
indicates our future project direction leading up to the Critical Design Review (CDR).
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1.0 – Introduction
Eve Vigil and Michael Kahl, with the San Luis Obispo Botanical Garden (SLOBG), submitted a
proposal to the mechanical engineering program to review and repair previous senior design
projects in their children’s garden. The two interactive exhibits are a gear train and an air cannon.
The gear trains do not mesh and are conceptually confusing to children. The air cannon piston is
broken and thus the exhibit cannot push air, and the drum is easily filled with debris by children.
The issues with these exhibits are highlighted by the primary concerns stated in the proposal,
which consist of durability and functionality. Our team, composed of three mechanical
engineering students, has a goal to review the current designs, figure out what went wrong, and
salvage the existing exhibits with design revisions. Since our Scope of Word Document (SOW),
we have developed some ideas to solve the current problems and have selected the best ones to
move forward with. This document describes the concept ideation process we used to configure a
final concept design direction and defines the process leading up to the Critical Design Review.

2.0 – Concept Development
This section describes our ideation and the idea selection process. Included are our Pugh
Matrices, which helped us decide upon a few system-level ideas, and our final weighted decision
matrix, which illustrates how we chose our specific concept prototype designs.

2.1 – Functional Decomposition
The first part of the concept development process was the identification of functions we needed
to fix the exhibits. This was done by using functional decomposition, which is the dissection of a
complex process into easily identifiable elements. We started by dividing the air cannon and
gearbox into a few main functions, and then created a function tree that outlines a series of subfunctions, which we use to develop our ideas. The main functions we identified for revamping
the exhibits were enlivening the explanation visuals, engaging users of all ages, and withstanding
the environment. For the air cannon specifically, we decided the main functions were to push air,
and improve the aiming ability. For the gearbox, we identified the main function was to turn
gears. A full chart of our functional decomposition process can be seen in Figure 1.
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Figure 1: Functional Decomposition Chart
Each sub-function in the function tree indicates a more specific way to accomplish the main
functions above it. Identifying these sub-functions gives us a specific focus and allows us to
create ideas to accomplish them. We can then determine which ideas are best to move forward
with for our concept prototypes.

2.2 – Ideation
After identifying the necessary functions that we need to improve the current exhibits, we
conducted a series of brainstorming sessions to generate ideas for accomplishing these functions.
Our brainstorming sessions consisted of listing as many ideas as possible within a fifteen-minute
period. An example of this can be seen in Figure 2. We also conducted a series of brainwriting
sessions, where we each wrote down our ideas and had the next person expand upon them. A full
list of the subfunctions and corresponding ideas that we developed can be seen in Appendix A.
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Figure 2: Example Brainstorming Session
After ideation, we used a few household items to construct functional prototypes. These
prototypes are intended to help visualize our design concepts, but not to illustrate any actual
functioning. These function prototypes can be seen in Appendix B.

2.3 – Pugh Matrices
The design ideas we chose for our concept prototypes were determined using Pugh matrices,
morphological matrices, and finally weighted decision matrices. Pugh matrices weighed the
ideas that we compiled against each other for every function. This allowed us to see which ideas
accomplish the given function most effectively. Then, we used morphological matrices to
combine these ideas to generate some system-level design concepts. Once we had these systemlevel ideas, we placed them in weighted decision matrices to compare them to the specifications
we devised in our Quality Function Deployment (QFD) process, which can be viewed in
Appendix C.
A Pugh matrix compares the ideas we developed for each design function with reference to a
datum. We used the pre-existing air cannon and gearbox designs as the datums. These had a
score of 0 within the matrix. All the design ideas were compared to the datum and scored with a
value of either +, -, or S, to indicate if they were better, worse, or the same, respectively, as the
3

datum in meeting the design specifications. The values for each respective idea were then scored
at the bottom to determine which ideas were the most effective in meeting our design criteria.
One matrix was constructed for each of the seven functions we identified: enlivening visuals,
applying force for the air cannon, clarifying explanations, turning gears, sealing openings,
making durable, and improving ergonomics. These Pugh Matrices can be viewed in Appendix D.

2.4 – Morphological Matrices
Once we weighed our ideas against our design criteria, we created morphological matrices for
the air cannon and the gearbox. A morphological matrix generates system-level design concepts
by listing design ideas under design functions and picking an idea for each function to create a
single concept. For example, we decided to use two metal meshing gears with the tortoise and
hare racing theme for enlivening visuals with a simple sign that will clarify our physics concept
explanations. We devised eight total system-level ideas for both the air cannon and the gearbox
for design consideration. The morphological matrices for the air cannon and gearbox can be seen
in Figure 3 and Figure 4.

Figure 3: Morphological Matrix for Gearbox
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Figure 4: Morphological Matrix for Air Cannon

2.5 – Weighted Decision Matrices
Two weighted decision matrices were used to compare the system-level design ideas for each
exhibit against the QFD specifications. Each specification was ranked on a scale from 1 to 5 in
terms of importance, and then each idea was ranked on the same scale based on how well it
accomplished the given specification. The scores for each idea were then multiplied by the
weight that we gave the specifications. The result for each specification was then added up for
each idea into a total score, which was used to quantitatively decide which ideas were most
effective.

2.5.1 – Weighted Decision Matrix: Gearbox
For the gearbox decision matrix, we found the best concept was two metal gears with a tortoise
and hare themed race. This would employ simple signs to clarify the explanations. The full
weighted decision matrix of the gearbox can be viewed in Figure 6.
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Figure 6: Gearbox Weighted Decision Matrix

For idea one, we would use attach a picture of a tortoise and a hare on each gear train so that the
kids could race each other. A simple sign would convey information, with two metal gears for
the gear train. Idea two would feature rocket ships attached to the gear train for a visual output.
The information would be conveyed via a QR code for the parents, who will interact and teach
their kids. Instead of metal, we would use two plastic gears. In idea three, we would paint a
variety of colorful visuals for the gear train. It would be driven by a belt and feature roofing on
the top of the assembly to prevent water damage. Idea four would also utilize the tortoise and the
hare as a theme, but with two plastic gears. The signs would include questions to encourage
interest in the concepts.
Idea one scored the highest on the decision matrix. This also met our intuition, especially
because we consider the tortoise and the hare as iconic representations of different speeds. It is
also important for the kids to find competition by racing each other, because this will increase
interaction time. The use of two gears instead of a larger assembly will make it easier to see why
one gear train can turn faster than the other.

2.5.2 – Weighted Decision Matrix: Air Cannon
The best concept for the air cannon would employ a thicker piston with a scoreboard game in the
background and use a long nozzle to prevent children from reaching into the drum. It would use
a periscope for aiming. Our weighted decision matrix for the air cannon can be viewed in Figure
5, along with explanations and concept sketches of our system-level design ideas.
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Figure 5: Air Cannon Weighted Decision Matrix

In idea one, the air cannon piston would be fitted with a guide track to make it easier to push the
air. This would also limit the amount of torque that acts on the current piston. The air cannon
drum would be rocket-ship themed with a periscope aiming system and a wire mesh would be
fitted on the end to prevent children from placing debris inside. In idea two, we would use a yoga
ball as a diaphragm. The drum would be painted with the big bad wolf and the targets would be
the three little piggies. The bottom of the barrel would be fitted with a hatch to provide easy
cleaning access of debris, and handles would be built on the same. Idea three would employ a
thicker piston to limit the torque applied to it, and a periscope to aim. A scoreboard would be
constructed to allow the kids to keep track of their accuracy and compete against one another. It
would use a long exit nozzle to prevent debris build-up. For idea four, the cannon would be
painted colorfully, and a tighter gasket would be fitted around the piston to limit torque and
make it easier to push. A D-shaped handle would be constructed at the end of the piston and a
rubber stopper would be placed between the piston and the barrel face to limit the force of
impact.
Our weighted decision matrix scored idea three the highest. This matched our intuition since we
value the idea of a competitive scoreboard to improve interaction time. We also liked the idea of
a long exit nozzle because this would be simple and affordable. Also, we felt that a periscope
would enhance interest in the exhibit.

3.0 – Concept Design
The following section details our chosen concept design direction for both the gear and air
cannon exhibits based upon our concept development process. Screenshots from computer-aided
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design (CAD) software are included along with descriptions of how each exhibit will function to
give an initial idea of the final intended product.

3.1 – Gearbox Design
The following section details the selected design for the gearbox. The concept prototype,
materials, manufacturing plan, and undetermined parts of the design are also addressed.

3.1.1 - Selected Design: Gear Exhibit
Our selected design for the gear exhibit simplifies the current exhibit. We have chosen to
decrease the amount of spur gears on the drivetrain from seven to two. The simplified gearbox is
seen below in Figure 7.
The gears on each drivetrain will be the same size but in the first configuration the driving gear is
the small gear and in the second configuration the driving gear is the large gear. The gears will
be attached to the shafts so that as the shafts rotates so will the gear and vice versa. The driving
gear will be spun by a handle attached to the shaft which will in turn rotate the driven gear.
These shafts will spin on bearings that are embedded into the acrylic front and rear panels. The
shaft of the driven gear will have a cable attached to it that will wrap around the shaft as the
driven gear is turned and lift a weight.
The weight will serve a few purposes. It will be a visual for the user to see which gear train lifts
the weight faster. The gear train with the larger gear as the driving gear will be able to lift the
weight faster but will take more force to turn. Meanwhile, the gear train with the smaller gear as
the driving gear will take less force to turn but lift the weight slower. The weight will also serve
to reset the exhibit so that when the user is done the gears will be spun by the weight so that the
weight is always at the bottom for the next user. To stop the weight from being thrown around if
the shaft is overspun there will be a bar running along the inside of the housing with two pins to
stop the weight from being lifted further.
We chose to make the gearbox themed so the weights will look like either a tortoise or hare. The
‘tortoise’ and ‘hare’ can then be raced by turning the drivetrains at the same time to see which
one wins. The tortoise will be attached to the drivetrain with the larger driving gear as that gear
will turn slower but lift the tortoise faster. Therefore, the tortoise should almost always win the
race, due to the mechanical advantage, unless the small driving gear of the hare is spun very fast.
To help explain this concept we will add question and answer flip up panels to the sides of the
exhibit so that the user can try and figure out why the tortoise almost always wins.
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Figure 7: Gearbox CAD Concept

To reduce costs, we want to reuse as much of the existing exhibit as we can. We will be able to
reuse the current posts that are cemented into the ground as well as some of the acrylic paneling.
However, we will need to cut out new front and rear acrylic panels as the hole pattern for our
design will be different than the existing one. We also will add roofing to the top of the housing
so that water will be better mitigated away from the exhibit.

3.1.2 – Concept Prototype: Gearbox
To test the functionality of the gears lifting a weight a concept prototype was built. The
prototype can be seen below in Figure 8. A wooden frame was constructed for the prototype. The
gears were laser cut from acrylic and press fit onto wooden dowels. The dowels were then placed
in the frame where the holes were large enough that they could freely spin. Finally, cups with
weights were attached to the dowels by string so that as the bottom dowel was spun the top gear
would spin and lift the cup.
9

(a) Both Geartrains

(b) Hare Geartrain

Figure 8: Gearbox Concept Prototype

3.1.3 – Preliminary Manufacturing Plans/Materials
We are planning on keeping the same geometry as the current gearbox when manufacturing as
we want to reuse the posts that are currently installed. Our materials will be selected to increase
durability while also attempting to minimize costs. We plan on laser cutting acrylic panels for the
front and rear panels as acrylic is waterproof and will allow the user to see the gears in action.
For the gears, we will make them out of a plastic or coated metal so that they will be more
weatherproof than the current wooden gears. The shafts will be made of aluminum which will
increase durability compared to the current wooden ones. For the roof we plan on using sheet
metal that will be bent into our chosen geometry to hang off the exhibit enough so that water
does not drip onto the housing. This sheet metal will either be aluminum or coated steel so that it
will not rust resulting in an unappealing look.

3.1.4 – Undetermined Parts of the Gearbox
Currently our unknowns for the gearbox are how large the gears will be. We do not know which
gear ratio will result in the tortoise always winning the race while also being easy enough for a
child to turn. We also do not know currently what material will work best for the gears in to
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minimize cost while increasing functionality and durability. We will conduct more research and
testing into both these areas.

3.2 – Air Cannon Design
The following section details the selected design for the air cannon. The concept prototype,
materials, manufacturing plan, and undetermined parts of the design are also addressed.

3.2.1 – Selected Design: Air Cannon Exhibit
Our selected design for the air cannon modifies the current exhibit that is installed in the San
Luis Obispo Botanical Gardens. We will be reusing the current housing, support saddle, and
installed post to minimize costs. Figure 9 below shows the CAD model for the air cannon. The
air cannon functions by pushing the piston handle forward which will force a large volume of air
through the small opening at the end accelerating the flow of air to knock a target off a pedestal.

(a) Front Isometric View

(b) Rear Isometric View

Figure 9: Air Cannon Isometric CAD Concept
To improve the existing design, we plan on making the piston a thicker, more durable, material
as the handle ripped through the current one. To do this, we are changing the way the piston
functions as the piston will now only be pushed forward to move the air. To help guide this
motion we will add tracks to guide the piston in its motion. We will also be adding a second
piston on the shaft spaced behind the first, as shown below in Figure 10. This second piston will
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help in reducing the chance the handle breaks away from the piston if someone does not push the
handle perfectly horizontally. The diaphragm around the piston will be designed so that it is airtight which will involve a rubberized wiper ring around the piston to seal air while allowing it to
move back and forth. An exit nozzle will be added to the cannon to better help direct air and
prevent children from putting dirt and debris into the moving parts of the cannon.

Figure 10: Air Cannon with Dual Pistons
The cannon will also be improved ergonomically using a ‘D’ shaped handle so users can more
easily push the piston forward. Finally, we will be adding a periscope over the top of the air
drum so that shorter users can aim the cannon towards the targets.
The theme of the cannon that we have chosen to help engage users is the Big Bad Wolf and the
Three Pigs. The ‘wolf’ will be the air cannon which will knock down the pig’s houses on the
pedestals.

3.2.2 – Concept Prototype: Air Cannon
Our concept prototype for the air cannon was built to test if air could be moved by pushing the
piston along tracks. We also wanted to test different end conditions for the air to flow through
including a wire mesh and long exit nozzle.
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For our concept prototype we used an empty paint can that maintained a constant diameter with a
laser cut plastic plate as our piston. We attached a dowel to the plate and wrapped the outside in
tape to act as our rubberized seal. For the guide tracks we attached a scrap of wood to the inside
for the piston to run across. At the end we cut a hole in the paint can and glued a PVC pipe to the
end. The prototype can be viewed in Figure 11.

Figure 11: Air Cannon Concept Prototype

3.2.3 – Preliminary Manufacturing Plans/Materials
For manufacturing we are planning on reusing the existing air drum and some of the acrylic
panels as it will help to minimize costs. To make the piston more durable we will use plastic
such as acrylic that can be laser or waterjet cut so that it will have a tight fit to the inside of the
drum. We plan to use painted plastic for the exit nozzle and periscope such as PVC which is low
cost and can be found in standard diameters for manufacturing.

3.2.4 – Undetermined Parts of the Air Cannon
There are a few undetermined parts of the air cannon that will need more testing in the future.
One of these items is how the periscope will be mounted to the cannon. We do not want the
hardware to be mounted through the air drum as it could interfere with the function of the piston.
We also do not know what material we will be using to seal the air around the piston. Our main
13

idea was using weather stripping, but we will have to do more research and testing into the best
way to seal around the piston so that air does not leak.

4.0 – Concept Justification
The following section explains why we chose to pursue our selected designs. We discuss how the
new designs will meet our specifications as well as any potential issues we foresee with the
chosen design direction.

4.1 – Gear Exhibit
The following section will detail the justification behind our design choices for revising the gear
exhibit.

4.1.1 – Problems that the New Design Addresses
The design for the gear exhibit primarily involves improving its efficacy at conveying
information. The current exhibit uses multiple gears of similar size, stacked up with fans attached
to the driven gear so the user can ideally feel how each gear system turns based on the amount of
air produced by the fans. This is a great concept, but it is difficult to notice the air being
produced by the fans because the exhibit is located outdoors and the sensation of the air from the
fans is lost to the ambient air in the park. Another problem is the use of multiple gears of similar
size, making it difficult to identify if the system is gearing up or gearing down, one of the main
concepts this exhibit is trying to convey. Lastly, the current exhibit lacks aesthetic appeal to a
younger audience.

4.1.2 – How the Design Meets the Specifications
Our chosen design for the gear exhibit will satisfy each of our specifications as follows:
1. Reusing Installed Posts - All improvements and modifications will be made to the
existing housing so we can reuse the posts already cemented into the foundation.
2. Force Test - Force required to draw up the weights will be optimized such that they are
light enough for anyone to lift, but heavy enough to provide tactile feedback.
3. Durability Test - The design will be tested by children for functionality and by adults for
durability and strength. The weights themselves will be supported by a metal cable and
will follow a track up to the top of their height until reaching a hard stop to prevent the
weights from swinging around inside the exhibit.
4. Fully Enclosed - Weatherproofing in the form of weather stripping, roofing, and clear
acrylic walls will be used to protect the exhibit from the elements, as well as protect users
from pinch points at gear teeth.
5. Interaction Time - We plan to incorporate the story "The Tortoise and the Hare" as our
theme, where each of the weights is either the tortoise or the hare character, and the users
race them to the top of the exhibit. We will set up a scoreboard nearby for the users to
race each other. A flipboard with critical thinking and activity questions will also be
stationed nearby to prompt questions about the physical concepts involved.
6. Easily Communicable - The information conveyed on all signs in the park will be
simplified and without any technical jargon. For more detailed explanations and
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resources to learn more, we will include a sign with a QR code that links to a document
we will create.
7. Low Cost - We plan to keep the costs at a minimum, primarily through salvaging as
much of the previous housing as possible, and by making improvements on it through
weatherproofing.
8. Accessible - To make the exhibit accessible, we decided the handle should sit about 40
inches from the ground so users of any height can interact with the exhibit
9. Easy to Reassemble - The tortoise and the hare weights that are drawn up will be heavy
enough to return to the start after each use, so the user does not have to reset the exhibit
each time.

4.1.3 – Design Challenges
Our current challenges and concerns mostly pertain to the functionality of lifting a weight. We
understand how helpful that aspect is to the exhibit, but we also want to make sure that it will be
low maintenance. We want to prevent the user from overturning the gears and causing the weight
to be flung around, and we also want the exhibit to reset itself after each use, so the next user
does not have to reset it. Our main ideas for prevent overturning of the gears is using forks that
the string or cable attached to the weight can feed through; when the weight reaches the top of its
path, it will be stopped by the forks and the cable will not be able to continue wrapping around
the center of the gear. Additionally, for the gears to reset themselves, we will need to experiment
with different weights to which will fall the best, which could prove to be a challenge in
balancing what is easiest to raise and lower and what will allow the exhibit to automatically
reset.

4.2 – Air Cannon
This section will outline the justification behind each of our design direction decisions for the air
cannon exhibit.

4.2.1 – Problems that the New Design Addresses
For the air cannon design, we focused on improving the functionality of the air cannon. The
current air cannon does not work and was broken quickly upon installation at the children’s park.
The original piston material ripped through when the handle was used to push air, and the
opening at the forward end of the cannon was too easily accessible, so some users put rocks, dirt,
and leaves into the air cannon body.

4.2.2 – How the Design Meets the Specifications
Our chosen design for the gear exhibit will satisfy each of our specifications as follows:
1. Reusing Installed Posts - We made our design decision based on the existing structure
of the current air cannon and our new design specifications. We will be using the
installed posts and housing for the air cannon, but make structural changes to improve
functionality as well as incorporating a theme to increase interaction time as well as boost
interest with the exhibit.
2. Force Test – The mode of pushing air through the cannon is being changed so that
instead of pulling back on an elastic diaphragm the user simply pushes the piston
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forward. The user will not have to overcome the force of the elastic or spring mechanism
allowing any user to be able to push a certain level of air through the cannon. Along with
this we are changing the handle of the push rod to be like a ‘D’ shaped shovel handle.
This will allow the user to be able to put more force into the piston easier.
Durability Test - The renovated design includes a thicker plastic piston that will be able
to withstand the force of the handle pushing it forward. We also plan on using two
pistons spaced a few inches apart from each other. This design will help in preventing the
rod from breaking out of the piston as there is more contact along the rod. Through our
preliminary stress analysis in Appendix E, we found that this setup will help reduce
stresses in the push rod and piston by around 30% with a worst-case load scenario. We
also plan to incorporate tracks along the interior walls of the air cannon to help guide the
pistion, as well as prevent unnessary torsion when the handle is used to push the air.
Fully Enclosed – The new design will have a piston with a tightly fitting gasket around
the handle to discourage users from putting dirt and rocks into the back of the air cannon
behind the piston. To prevent debris from being placed into the main cylinder from the
forward end of the cannon, we will install a longer nozzle which will have slots cut into it
so any dirt and rocks will fall through before making it into the main body of the air
cannon.
Interaction Time – Making the air cannon more durable and stable for use will greatly
improve its interaction time, as the old exhibit was very popular upon arrival but became
damaged and unusable soon after. In addition to improving the resilience of the air
cannon, we will incorporate a theme with the story of “The Three Little Pigs” with the air
cannon being the big bad wolf.
Easily Communicable - Similar to the gear train exhibit, we plan on making a question
board with critical thinking questions, signs with basic information about how air
cannons work, as well as a QR code going into greater detail. Providing multiple tiers of
explanation will help improve communication and understanding, as well as make the
content more accessible to any user regardless of academic progress.
Low Cost – Our design will reuse the current housing, saddle, and post that is cemented
into the ground. We also plan on using the acrylic panels that exist on the current exhibit.
Therefore, the only cost will occur in modifying the piston and adding on the periscope
which will be made of cost-effective PVC.
Accessible – We plan to install a periscope on the new exhibit. This will allow users of
all heights to see past the air cannon and shoot down objects.
Easy to Reassemble – Our design will use pistons that slide onto a shaft and can be put
together by simply tightening a few bolts. Our seals will press fit onto the piston to
reduce the number of tools needed for reassembly. We also plan on replacing the current
locks with locks that all use the same key, so the cannon is easier to service.

4.2.3 – Design Challenges
Our current design challenges include a few items. We do not know how we are going to seal the
piston so that it creates an air tight seal with the housing. We are considering using a type of
weather stripping but this will have to be tested and iterated. We also have to do testing on if the
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longer nozzle helps keeps debris out of the cannon and testing to make sure the nozzle does not
interfere with the airflow. This is also a safety concern that has to be addressed as we do not
want debris getting stuck in the nozzle and then fired out. Our final concern is if our new piston
design will prevent the rod breaking out of the piston. Our design will need to protect against the
worst case load scenario that a user would hang off the push handle.

5.0 – Project Management
The following section details our project plans after PDR. Discussion of important tasks leading
to critical design review (CDR) are outlined as well all major deliverables until the end of the
year.

5.1 – Project Details
Following PDR we will perform a failure modes and effects analysis on our chosen design to
consider where our design might break and how to prevent it. This will also show us what parts
are critical to not failing to keep our designs safe for all users. This failure modes analysis will
bring us to the end of Fall Quarter.
Winter quarter will involve further prototyping as well as manufacturing exhibits that can be
tested. The first weeks of Winter Quarter will be used for solidifying any unknown design
variables that are outstanding from PDR for Interim Design Review (IDR). At the beginning of
the quarter we will be purchasing materials for our structural protoype. We will also start writing
the signage and the explanations for the exhibits so that there is time to test if our explanations
are understandable by kids. To have a better idea of what materials we want to use we will
perform material testing on the seal for the air cannon as well as stress analyses for the piston
itself. Component analyses for the gearbox will also be performed, especially for the bearings to
ensure proper life. We want real world testing done as soon as possible on our designs so we are
planning to use our structural prototype as our first round of testing. We plan on building the
structural prototype mostly from the existing exhibits and installing it in the garden right after
Critical Design Review (CDR). The main purpose of this installation is going to be testing the
durability of our designs over a month of use. Along with building the structural prototype we
will be putting together our CDR which will include plans to manufacture our final design and
ways to verify it meets our specifications.
Spring Quarter will be used for manufacturing the final prototype and performing final tests and
verifications on the project. The quarter will end with our Final Design Review which will go
over what we did to make our prototype and verifying it meets our specifications. We plan to
start manufacturing our final prototype once the first round of testing at SLOBG is done so we
can see what areas need improvement. Once this final prototype is done we will place it at
SLOBG for final tests and verification that we have met our specifications. Since we will have
done durability testing earlier on in the project these tests will focus more on the user experience
including things like satisfaction surveys. These tests will also include visual examination to see
if what we have created is appealing to the user.
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5.2 – Project Deliverables
Table 2 outlines all important deliverables to the end of the year. Our Gantt Chart in Appendix F
details the next steps to CDR and the remaining milestones we have left in the project.

Table 2: Chart of Relevant Deliverables Until the End of the Year
Date
1/13/2022
1/13/2022
2/11/2022
2/11/2022
2/18/2022
3/18/2022
3/22/2022
4/26/2022
4/28/2022
5/17/2022
6/03/2022

Deliverable
Interim Design Review
Build Structural/First Test Prototype
Finish First Test Prototype for Installation at SLOBG
Critical Design Review
Install Prototype for Testing at SLOBG
Evaluate First Test Exhibits
Start of Manufacturing for Final Prototype
Final Prototype Sign-off
Install Prototype for Second Round of Testing at SLOBG
Design Verification Sign-off
Final Design Review

6.0 – Conclusion
The goal of this preliminary design report is to document our ideation and design decision
making process for our sponsor’s review. We provide our reasoning for selecting our final design
models for the air cannon and gear exhibit: the top air cannon design has a thicker piston guided
with tracks, a periscope for sight, handles for maneuverability, and a fun child-friendly theme
with the big bad wolf and little pigs. The top gearbox design utilizes weather resistant housing,
simpler geartrains, and interactive weights with tortoise and the hare characters on them. This
document also restates the design specifications and objectives shared by our team and Eve Vigil
and Michael Kahl of the SLO Botanical Garden. Future operations include in-depth material
testing and manufacturing plans for both exhibits.
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Appendix A – Ideation Results
Function Tree Ideas

SubFunctions

Idea

Enlivening
Visuals

•
•
•
•
•
•
•

Color
Big Bad Wolf Cannon
Tortoise and the hare gearbox race
Competition/Scoreboard theme
Storylines connect
Rocket ships/Space theme
Asking questions through visuals

Apply Force
(Air Cannon)

•
•
•
•
•

Yoga ball diaphragm
Revising current piston
Resistance bands pull back
Locking pull back mechanism
Tighter gasket around the diaphragm

Clarify
Explanations

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Simplify signs / no technical jargon
QR code
Relate to real life examples (for parents)
Flippy signs (Q&A's)
Prioritize visuals vs lengthy sentences
Highlighting or bold important terms / principles
Chain
Meshing
Belt
Steel/Powder Coated Gears
Wood-Plastic Composite
Long exit nozzle with cutouts
Wire mesh
Flap/one-way valve
Sponge/porous material
Smaller hole
Metal gears (Powder coated)
Composite gears (Painted)
Roofing/eaves
Polyurethane wood
Decreasing moving parts

Turn Gears

Seal
Openings
(Air Cannon)
Make
Durable
(Gearbox)

A-1

Make
Durable (Air
Cannon)
Improve
Ergonomics

•
•
•
•
•
•
•
•
•
•
•

Piston track to limit torque on handle
Thicker plastic for piston
Easy access to clean/replace parts
Tightly fitting diaphragm
Rubber stopper piston
Easier to swivel
Box to stand
Adding a sight (Periscope idea)
Attaching handles for turning
Larger and soft touch handle (Ex. D-shaped rubberized plastic handle)
Locking mechanism for pullback

A-2

Appendix B – Ideation Models

B-1

Appendix C – QFD House of Quality

C-1

Appendix D – Pugh Matrices

D-1

D-2

D-3

D-5

Appendix E – Preliminary Air Cannon Stress Calculations

E-1

E-2

E-3

E-4

The above calculations were performed to see what effect placing a second piston would have on
the stress through the push rod. A load of 70 pounds-force was assumed which represents the
worst-case load of a kid hanging off the handle of the air cannon. The push rod was assumed to
act as a beam fixed on one end in the case of only have a single piston. The rod was modeled as
being ½” in diameter and 24” long which is comparable to the one used by the previous senior
project. The reaction force and moment at the piston were found and from these the bending
(tensile) stress through the rod was found as well as the shear stress.
The model was then modified to include a second piston which acts as a simple support. Beam
software was used to find the reaction forces at each piston as well as the maximum moment as
the problem was indeterminant. Using the maximum bending moment and shear force the
bending stress and shear stress through the rod were found as done with the single piston.
Comparing the two cases the bending stress will drive the design as it is ten times the magnitude
of the shear stress. Looking at the dual piston design versus the single piston, the dual piston
helps decrease the magnitude of the bending stress by 33%. This decrease will result in less
pulling on the piston and will help greatly in preventing the rod from breaking out of the piston

E-5

Appendix F – Gantt Chart

F-1

Appendix G – Design Hazard Checklist

G-1

Appendix H – Design Hazard Plan

H-1
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Abstract
This Critical Design Review (CDR) document illustrates the design processes performed by a
senior project team of three people in the mechanical engineering program at California
Polytechnic State University in San Luis Obispo. The designs produced and discussed in this
report were created for sponsors from the San Luis Obispo Botanical Garden (SLOBG), Eve
Vigil and Michael Kahl. The project focuses on the redesign and production process of two
successful, functional interactive physics exhibits: a gearbox and an air cannon. This document
breaks down the process of design proposals, design justifications, manufacturing plans and
proposed manufacturing processes, materials selection and justification, and structural prototype
production progress for each respective exhibit. Based on rigorous cross-examinations from
advisors, peers, and professionals, as well as our own intuition and verification through hand
calculations, we selected the following designs for our CDR proposal.
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1.0 - Introduction
Eve Vigil and Michael Kahl, with the San Luis Obispo Botanical Garden (SLOBG), submitted a
proposal to the mechanical engineering program to review and repair previous senior design
projects in their children’s garden. The two interactive exhibits are a gear train and an air cannon.
The gear trains do not mesh and are conceptually confusing to children. The air cannon piston is
broken and thus the exhibit cannot push air, and the drum is easily filled with debris by children.
The issues with these exhibits are highlighted by the primary concerns stated in the proposal,
which consist of durability and functionality. Our team, composed of three mechanical
engineering students, has a goal to review the current designs, figure out what went wrong, and
salvage the existing exhibits with design revisions. Since our Preliminary Design Review (PDR),
we have made some design changes to better improve functionality and durability of the exhibits.
These major changes for the air cannon include the use of a single piston accompanied by a pair
of stationary walls instead of the original dual piston design, and a new knob handle. For the
gearbox, we have elected to use a handle that engages the axle when the user pushes forward on
a spring, instead of a ratcheting wrench design. This document describes the new designs in
detail and justifies the changes we made, while also providing manufacturing instructions as well
as planned tests we will use to evaluate our engineering specifications.

2.0 – System Design
The following sections will discuss the details of each exhibit’s design. The drawings package
for the gear exhibit can be found in Appendix A. The drawings package for the air cannon
exhibit can be found in Appendix B.

2.1.1 – Gear Exhibit
The gear exhibit will consist of a set of two gear trains housed in a wooden enclosure with
acrylic paneling. One gear train will consist of a 1:2 gear ratio, while the other will consist of 2:1
gear ratio. The user will be able to crank the assembly and lift a weight via a cable connected to
the axle. This will allow them to effectively race each other. Then, the weight will pull back
down and automatically reset the exhibit. The final assembly can be viewed below in Figure 1.
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Figure 1: Final Gearbox Assembly
The enclosure assembly is responsible for providing weather protection and containing all the
other components. This consists of a roofing assembly, frame assembly, and mounting assembly.
The roofing assembly features an acrylic A-frame created by water jetting acrylic. This
conventional downward sloping roof can run off any rainwater. The triangular support frames for
the roof are made of 2x4’s. The roofing frames are connected to the main posts via wood screws.
The roofing assembly is shown in drawing 111000E.
The frame assembly consists of four wooden posts in the ground that hold front, back, bottom,
and side acrylic panels. The back, side, and bottom panels fit into slots in each post and are
sealed to the outside using silicone caulk. The front panel is bolted on using threaded inserts to
allow for removal. There are four flange bearings that are bolted into the front panel acrylic, one
per axle and two per gear train. The flange bearings are self-aligning bearings, so they can
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correct for any misalignment in the axes. Figure 2 below shows the frame assembly; see drawing
112000 in the Appendix for more details.

Figure 2: Frame Assembly
The mounting assembly sits between the front and back acrylic panels and supports the guides
for the weights and the rest of the flange bearings. A sheet of plywood is mounted on the
enclosure posts with mounting bolts. Four flange bearings mirror the bearings mounted on the
front acrylic panel, and they contain the gear shafts. The weight guides consist of two L-shaped
wooden rails that are glued into the mounting board, and they cover most of the weights as they
rise when pulled up by a cable. Two U-bolts are attached to the mounting board, which stop the
metal cubic weights as they rise to the top of the tracks.
The gear train assembly is comprised of the handle assembly and the shaft assembly. The handle
assembly consists of a crank handle, spring, and a washer and bolt combination. The end of the
gear train axles is milled out into a square drive, while a spring sits between the end of the axle
and the handle. This same size square drive is machined into the handle itself, so that the user
must push forward onto the spring and mate the handle and axle to rotate the gears. The washer
and bolt keep the handle onto a turned-down section of the axle. This way, when the weight pulls
the cable back in the opposite direction after the user cranks it up, the handle sits stationary
instead of rotating back in the opposite direction, because the spring will deactivate the mate
3

when the handle is not deliberately pushed. Our sponsors were concerned about an automatically
rotating handle possibly injuring the user.
The shaft assembly consists of a series of shaft collars which sandwich each gear, holding them
in one position on the z-axis (the axle). A shaft key keeps each gear from rotating on the axle
itself since the user will be rotating the axle to cause them to turn. Paracord rope is used as a
cable for the weights, and it wraps around the shafts when pulled, lifting the weights as a sort of
pulley. One of the gear trains utilizes a gear reduction ratio, since the ratio of driven teeth to
driving teeth is 2:1, while the other gear train utilizes an overdrive ratio, since the ratio of driven
teeth to driving teeth is 1:2.
Finally, the visual assembly consists of two plastic abacus scoreboards for the purposes of
providing competition between users when turning the gear trains.

2.2.1 – Air Cannon Exhibit
The air cannon exhibit is a PVC drum with acrylic front and back panels. An aluminum rod with
a plastic knob handle connects to another acrylic panel, forming a piston. This piston inside is
then pushed by the user, and the resulting air shoots out of the front panel hole to knock down
targets. The final assembly consists of the housing assembly, drum mounting assembly, and exit
assembly, as shown below in Figure 2.

Figure 2: Final Air Cannon Assembly
The housing assembly consists of a main body assembly, front panel assembly, piston assembly,
and rear housing assembly. The main body assembly simply features the main PVC cylinder,
which is thirty inches long and is preexisting from the old design. The front panel assembly only
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contains the previous front acrylic panel which has a 3.5-inch diameter hole, and it is bolted to
the main body with twelve tamper resistant plate screws.
The piston assembly generates airflow for knocking down targets. It includes a panel assembly
and a shaft assembly. The main piston is a 23.67-in diameter circle, which is made of 0.220-in
thick acrylic. It is held in place on the shaft via a shaft collar, flange nut, and washers. To ensure
that there are no alignment issues when the user pushes the shaft, there are two flange bearings
mounted on each stationary wall. These effectively swivel and counter any misalignment of the
shaft. We press fitted a bushing inside of each flange bearing, since we are only concerned about
axial movement of the shaft, and the mounting plates restrict the movement of the main rotary
bearing in the flange. The two stationary walls consist of sheet metal that we have machined and
welded to create a T-shaped structure that is mounted on the inside of the main cylinder. We
have stud bumpers mounted on the outside side of each stationary wall, to absorb the impact of
the acrylic piston hitting the wall each time it is pulled back. There is a smaller acrylic piston in
between the rear panel and the rear stationary wall, to restrict the movement of the shaft when it
is thrust too far forward; this also has a pair of stud bumpers to lessen the impact.
The rear housing assembly simply consists of the existing rear housing drum, which is connected
to the main drum with three toggle latches. The SLOBG can easily disassemble the entire
assembly by removing one side of the latch, and therefore has easy access to the interior of the
cylinder to clean and remove debris.
The mounting assembly is mostly preexisting, with a six-foot tall pole half-submerged in the
ground. We are reusing the current bearing pole mount, which goes into the pole and provides a
surface for the previous flange bearing to mount to the saddle, which supports the entire air
cannon. Since we are not concerned with providing the air cannon the ability to swivel and aim
in different directions, we are not reusing the flange bearing and we are instead mounting a plate
directly on the bearing pole mount with which to bolt to the saddle. This allows us to reuse the
same mounting nuts and bolts.
Finally, the exit assembly consists of a circular wire mesh pattern, which is mounted to the front
panel hole to filter out large debris such as rocks or sticks, if children attempt to put them inside
the drum. Since this is a fine mesh, we believe it will keep out most debris. As for dirt, the
SLOBG can simply remove the back housing and vacuum the inside of the drum.

3.0 - Design Justification
The following section will detail how our designs meet our design specifications. Our analyses
and justifications will be summarized for each design decision and a discussion of the
considerations for safety, maintenance, and repair will follow. The section will end with our
concerns for each of the designs in meeting our customer needs.

3.1 – Gear Exhibit Justification
The following section will detail our justification behind our design decisions for the gearbox.
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3.1.1 – How Our Design Will Meet the Specifications
Our chosen design for the gear exhibit will meet the specifications as follows:
1. Reusing Installed Posts – Our design reuses the existing four mounting posts which are
currently installed in SLOBG. New acrylic panels will be cut to match the current
geometry of the posts which includes the back and side panels sliding into the current
slots. There will be modifications made in the garden to each post. These include the
addition of holes for threaded inserts to bolt the front and rear panel on as well as the
frame for the roof being mounted into the posts.
2. Force Test – With the chosen handle, gear ratio, and attaching a 12-pound steel weight to
the paracord the exhibit will take under seven pounds force to spin the axles and lift the
weight.
3. Durability Test – All materials and parts were chosen to maximize the durability of our
exhibit after examining the failure points of the previous exhibit. These failure points
were found to be:
• The use of wood in the axles did not allow for precise fitment of parts. The pressfit handles eventually fell off due to the expansion and contraction of the wood.
The shaft collars holding the gears on could not hold onto the surface well enough
resulting in them shifting and the gears coming out of alignment.
• The gears were glued together wood sheets which resulted in a variable contact
surface. This likely produced an axial moment during rotation which could have
contributed to forcing the gears out of alignment.
To ensure our exhibit will reach its intended life span of 10 years the following materials
and parts were chosen to increase durability:
•

•
•
•

The axles will be made from aluminum so that the shaft collars can hold better to
the surface. The metal will also allow the gears to be properly keyed on for less
play and chance for movement. Finally, the axle can be bolted into to secure the
handle.
The gears will be machined from a single piece of waterproof plastic creating a
better contact surface resulting in less axial induced forces.
The axles are mounted on flange bearings which pivot and allow for correction if
the axles are not perfectly in line. This will reduce the stress on the bearings
allowing them to last longer.
Paracord was chosen to lift the weights as it is stronger than a steel cable in
tension and weatherproof. Therefore, it will take the stress from over cranking the
weights into the hard stops.

Empirically, we have tested our structural prototype and found that these design changes
allowed the gears to still operate after abuse by college students.
4. Fully Enclosed – To ensure that the exhibit will function through any weather we will
enclose it on each side using acrylic panels. All panels that do not need to be removed for
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maintenance will be sealed using window grade waterproof caulk. We also observed
through the last exhibit that water pooled on the top of the exhibit as it was a flat panel.
From our research we found the best way to mitigate water is to add a roof. Therefore,
our roof with eaves will help in directing water away from the critical components
mounted in the front panel.
Interaction Time – To increase the interaction time between our users and the exhibit a
few additions were made. Through our research we found that users tend to spend more
time at children’s exhibits when there is an element of competition. Therefore, our
exhibit will use the theme of the tortoise, with a gear ratio of 1:2, and hare, with a gear
ratio of 2:1, so that users can race the two. A plastic sliding scoreboard will be mounted
to the posts so that an account can be made of why the gear ratio of 1:2 almost always
wins. Included with this will be flipboard signs which will include questions and answers
prompting kids to notice this discrepancy in scores and to get them to think about why
that happens.
Easily Communicable – Through our choice of a gear ratio of 1:2 and 2:1 we made it so
that the two gear trains have the same gears but flipped. Therefore, it is easier for the user
to see how the orientation of the gears can change how quickly they propel another. The
visual of the weights racing up our mounting board also ensures the user can see which
one moves quicker. These changes to simplify the gear trains will carry over to our
signage where we will eliminate technical jargon and can explain, for example, how a
small gear turning a big gear is easier to turn but will not turn it as fast.
Low Cost – All materials and parts were chosen to minimize costs. The exhibit will reuse
the existing posts, shaft collars, and crank handles. Throughout the exhibit a singular bolt
is used so it can be ordered in bulk. For components like the disengaging handles instead
of purchasing expensive built handles, we are modifying our aluminum stock to use the
existing handle and make it disengage from the axles. The project budget can be found in
Appendix C.
Accessible – The crank handles for the exhibit rest at 32 inches from the bottom of the
exhibit and will be at 38.5 inches at the top of their travel. Therefore, most intended users
will be able to crank the handles all the way around. The steel weight will also give an
auditory and physical cue when contacting the hard stops in the form of metal Ubrackets. This will allow visually impaired users to also be able to experience the exhibit
and understand what is occurring.
Easy to Reassemble – Considerations were made to minimize the time it takes to
reassemble the exhibit in the event repairs need to be performed. From our failure
analysis we found that failure points are concentrated around the moving parts of the gear
train. Therefore, the front panel and mounting board will be held into the mounting posts
using threaded inserts so that they are able to be removed and replaced multiple times and
not wear the wood. To minimize the time to assemble all the hex bolts are ¼ inch with
the same head size so that only a single tool is necessary. The use of adhesives was
minimized compared to the previous exhibit so that things like the bearings are bolted in.
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3.1.2 – Detailed Analyses
The following section details the analyses performed and their results to justify our designs for
the gear exhibit.
3.1.2.1 – Gear Weight Calculations
To figure out the amount of weight needed to reset the exhibit, the force calculations in
Appendix D were performed. Initially, a free body and mass-acceleration diagram were set up
for the top gear and axle. From this there were three unknowns, the opposing torque of the lower
drivetrain, the angular acceleration, and the force from the weight needed to rotate the axle. To
find the torque from the lower drivetrain another free body and mass-acceleration diagram were
created. This diagram had two unknowns, the torque, and the angular acceleration of the lower
axle. Therefore, an assumption was made using the distance the weight had to travel and a time
of 15 seconds to solve for the angular acceleration of the lower axle that was needed. The
moment of inertia of the gear axle and gear system was found with the assumption the gear acted
as a disc and then the lower axle torque was found.
Using this lower axle torque the same assumption was made for the upper exhibit to reset in 15
seconds which allowed for the angular acceleration to be found. Like the lower axle, the moment
of inertia was found with the same assumption for the gear, and this reduced the unknowns in the
initial equation to just the weight. Initially, we assumed the cord would be mounted to the
outside of the axle. However, with the lack of a moment arm the weight would have needed to be
77 pounds to lower the weight. Therefore, we decided that the cord should be mounted 3 ¼
inches away from the axle which reduces the weight needed to 12 pounds.
With this weight of 12 pounds a calculation was then made with the length of our crank handle to
find the force needed to turn the exhibit. A moment was taken about the center of the lower gear
which gave the result that any force over 6.2 pounds will lift the weight, meeting our design
specification.
3.1.2.2 – Structural Prototype
A structural prototype of a singular drive train, seen below in Figure 3, was built with the goal of
seeing if our gears could be easily aligned and stay aligned when large forces were applied. The
gear train was built using the old acrylic from the existing exhibit and mounting flange bearings
to the acrylic. The gear axles were created to the final prototype dimensions and mounted
through the flange bearings. The gears were made from plywood laser cut to the final gear
dimensions.
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Figure 3: Gear Exhibit Structural Prototype
From our structural prototype we learned that the gears we designed mesh well together, even
with limited precision in manufacturing the holes. We noted that the flanged bearings corrected
any alignment issues with the aluminum shafts. The square drive that was machined from the
aluminum shaft was able to be fitted with the previous exhibit’s plastic handle, so reusing them
for the handle spring mechanism will be feasible.

3.1.3 – Safety, Maintenance, and Repair Concerns
As the intended user of our exhibit is children, safety took priority in our designs. We created a
design hazard checklist, seen in Appendix E, to identify the hazards in the gear exhibit so they
could be minimized. We ensured that almost all moving parts were contained within the panels
of the gear exhibit. The crank handles disengage from the spinning axle when the exhibit resets
so that no user could be hit by spinning handles. However, there will be a portion of the lower
gear axle sticking out that will spin when the exhibit resets that needs to be considered. There is
also a pinch point where the handle pushes into the square key on the axle. This will be covered
using a spring sleeve to minimize the hazard.
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Due to the failure in the previous exhibits, creating an exhibit that was easily maintainable and
repairable was important. We examined our exhibit using failure mode effects and analysis
(FMEA), which can be found in Appendix F, to identify areas that could cause failure in the
exhibit. Since the exhibit is outside, the bearings will most likely need to be serviced along the
lifespan of the gear train. We took this into consideration by having the bearings bolted in and
the front and rear mounting board removable to replace these bearings. All the hex head bolts are
the same so in the case that any repairs need to be performed it can be done swiftly. Lots of our
parts are easily found online or at the local hardware store if they need to be replaced and many
spare parts will result from buying these in bulk initially. We also plan to make spare parts for
stuff we manufacture like the gears in the event they fail.

3.1.4 – Remaining Design Concerns
The biggest design concern we currently have results from our disengaging handle mechanism.
We must test multiple springs to find one that is easy enough for kids to engage with the shaft
but also pushes the handle outward, so it does not continue spinning. Testing with children is
also critical for this design as it requires another step to lift the gears so we want to ensure they
can easily figure it out. Therefore, we are considering the use of a wheel instead of handles to
turn the gear shafts and further research will be done to determine the best design.

3.2 – Air Cannon Exhibit Justification
The following section details our justification for our design decisions for the air cannon.

3.2.1 – How Our Design Will Meet the Specifications
Our selected design for the air cannon meets the specifications as follows:
1. Reusing Installed Posts - Our design reuses the previous mounting post that is already
cemented into the ground at SLOBG. The air cannon is still bolted to the mounting post
using the aluminum flange pipe used previously, with a mounting plate of the same bolt
pattern, with the bearing in the flange pipe removed to eliminate the swiveling motion.
The air cannon saddle assembly will be the same.
2. Force Test - With the chosen piston size, exit hole diameter, and travel forward in the
drum, the exhibit will require around 37 pounds of force to push out air at an exit velocity
of 100 ft/s. These calculations can be found in Appendix G.
3. Durability Test - The materials and components chosen for this design were selected to
maximize durability. After examining the previous exhibit, the major failure points were
as follows:
• The rubber membrane used to push air was not structurally resistant enough to
tearing and ripping caused by repeated use and excessive pulling on the handle.
• The opening at the front of the air cannon, when left uncovered, allowed dirt and
debris to be thrown into the drum.
To ensure our exhibit will last through its intended 10 years of use, we selected the
following materials and components to increase durability of our design:
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•

•

•

The air will be pushed via a piston rather than using an elastic membrane. This is
for ease of installment and mounting, as soft, rubbery materials run the risk of
ripping and deforming over extended periods of use.
Two 1/8” steel sheet metal supports will be used to withstand any loading from
the shaft in the case that someone leans on the handle. These supports also house
the flange bearing and bushing assembly, as well as our neoprene-and-steel hard
stops for the piston.
The piston rod will be made using a tight-tolerance, high-strength 7075 aluminum
rod. This material has a Yield Strength of 73 kpsi for durability, as well as a tight
tolerance for use with bushings.

We have empirically tested our design using a piston to push air using a structural
prototype and found the piston method to be effective.
4. Fully Enclosed - The front opening will be covered with a circular piece of steel mesh to
prevent large pieces of debris and handfuls of dirt from being placed into the drum. The
back wall where the handle protrudes from will have an oversized hole in the acrylic to
ensure that the load is transmitted to the steel supports and not to the acrylic back panel.
The back panel will have a rubber grommet interfacing between the hole and shaft so
there is effectively no gap, and no dirt and debris can get into the drum through it and to
prevent any hands from being pinched between the rod and the back panel.
5. Interaction Time - To increase interaction time and promote engagement with the
exhibit, we decided to implement a fun theme to be associated with the air cannon. The
theme is the big bad wolf and the little pigs, where the drum will be spray painted to have
a wolf on it and the targets will be made to resemble pigs.
6. Easily Communicable - Because the piston and front and back panels are made of clear
acrylic, the user can see the target through the exhibit and watch the targets fall.
7. Low Cost – All parts considered and selected were done so with our budget in mind.
Items were chosen to optimize the effectiveness of the exhibit with the price points we set
for ourselves. Most materials are being reused from the previous exhibit as well to cut
costs.
8. Accessible - The piston handle runs through oil-infused bushings to allow for smooth
axial movement which will make the exhibit easy to use.
9. Easy to Reassemble - Lots of discussion went into planning for the assembly and
disassembly of the exhibit. The bearings and bushings have covered components, and the
materials used will be resistant to wear so replacement and maintenance should be
minimal. The piston shaft is aluminum and is at no or minimal risk of corrosion, and the
steel walls will be powder-coated to prevent rusting. For installation and potential
maintenance, the air cannon can be fully disassembled by removing unscrewing the knob
on the handle, removing the back panel, unfastening and sliding out the supports, and
removing the piston.
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3.2.2 – Detailed Analyses
The following section describes the analysis performed to justify the design decisions for the air
cannon.
3.2.2.1 – Piston Volume Calculations
To determine the amount of force required to push the piston forward and establish whether or
not a piston design was feasible, we did force calculations given the resistance of the air in the
front of the drum and the point load of the handle pushing the piston forward. We found that,
assuming the piston has a perfect seal and experiences friction from the walls, it required around
37 pounds of force to produce an output of 100 feet per second. We also determined that, given
around fifteen inches of travel and with the diameter of the drum, we would be pushing about
three cubic feet of air, which we estimate will be an effective amount of air to knock down
targets. We made this estimation based on a current product that exists on the market that pushes
about 1.4 cubic feet of air and can effectively blow out a candle at a ten-foot distance.
3.2.2.1 – Shear Bending Calculations
We also analyzed our shaft diameter and how it would behave under a point load in our worstcase loading, which would be the piston pulled all the way back and piston-shaft protruding from
the back panel with the maximum amount of stick-out. With our ¾" hardened aluminum shaft
and for a point load of around 120 pounds, we found that the rod would not deflect and had a
factor of safety of around 1.4.
3.2.2.1 – Structural Prototype
To confirm that our exhibit would effectively be able to push air, we built a similar piston shaft
to the one being used in our final design and tested it in the final prototype drum. The structural
prototype can be seen below in Figure 4. We learned that the piston was able to knock a target
down from around 2 feet away. We also learned the acrylic paneling was very resilient even
when pushed and pulled against the mounting bolts at full force by college students. Therefore,
we are confident in the durability of our new piston design.
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Figure 4: Air Cannon Structural Prototype

3.2.3 – Safety, Maintenance, and Repair Concerns
Since the exhibits will be functioning around children and families, we wanted to make sure our
design was safe and effective at interfacing with young users. Our design hazards checklist can
be found in the Appendix H of this report, and it details our identified hazards prevalent in the air
cannon assembly. Our main concern was regarding debris and large objects being blown out of
the air cannon, as well as pinch points and sharp edges. We plan to seal the opening at the
forward end of the air cannon with a wire mesh, whose edges will be covered to eliminate risk of
sharp edges. We also placed a knob on the end of the piston shaft to remove blunt, raw stock
edges, and incorporated a grommet into the design with the back wall to prevent pinch-points.
We also used failure mode effects and analysis (FMEA) to isolate failure points in our design,
which can be found in Appendix I, to identify areas that could cause failure in the exhibit.
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3.2.4 – Remaining Design Concern
Our main concern remaining with the design is in attaching the mesh seal to the front of the air
cannon while still having the front of the drum accessible for routine cleaning. The previous
senior project threaded fasteners directly into the PVC drum, making repeated removal of the
front wall improbable.

4.0 - Manufacturing Plan
The following section will outline our manufacturing plan for both the gear and air cannon
exhibits. This includes where all materials will be obtained, how they will be manufactured, and
how they will be assembled. The timeline for the procurement of materials, manufacturing, and
assembly of all these parts is outlined in our Gantt Chart seen in Appendix J of this report.

4.1 – Gear Exhibit
The following section will describe the manufacturing plan for the gearbox.

4.1.1- Materials Procurement
The materials for the gear exhibit come from a few online and local sources as well as from the
previous exhibit. A simplified bill of materials is shown below in Table 1 which lists the sources
for each material or part, quantity, and more information for part sizes or numbers.
To make these purchases the team will first use our $500 ProCard budget as requested by our
sponsor. Then SLOBG will provide the rest of the necessary funds to purchase parts to finish the
exhibit.

Table 1: Simplified Bill of Materials for Gear Exhibit
Parts and
Materials
Acrylic Sheet
Wood Screws
Loctite Vinyl
Adhesive
Caulk
Wood Studs
Wood Sealer
Locking Nuts
1/4"-20 x 1 1/4"
Bolts
Acrylic Sheet

Quantity

Source
2 Home Depot
24 McMaster

More Info
36"x48"x.093"
95526A125

1 Home Depot
3
2
1
20

Home Depot
Home Depot
Home Depot
McMaster

24 McMaster
1 Home Depot

Window
sealant
2"x4"x96"
95615a120
92979A126
36'' x 72'' x
.093''
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Threaded Inserts
Flange Bearings
1/4"-20 x 3/4"
Bolts
4x4 Posts
Plywood
U-Bolts
Crank Handle
Handle Spring
Handle Washer
Aluminum Round
Bar
Shaft Keys
Paracord
Shaft Collars
1" Thick Cutting
Board
10 lb Weight
3 lb Weight
Scoreboard

12 McMaster
8 McMaster

90192A133
5913K74

8 McMaster
Previous
4 Exhibit

92979A118

1 Home Depot
2 McMaster
Previous
2 Exhibit
2 McMaster
2 McMaster

1/2" x 4 ft x 8
ft
8896T117

1986K149
91525a119

3 Onlinemetals
2 McMaster
1 Home Depot
Previous
8 Exhibit

1" x 2 ft
98870A395

2
2
2
1

12" x 18"

Amazon
BassProShops
BassProShops
Amazon

4.1.2 – Manufacturing
This section describes the detailed steps in manufacturing each custom-made part for the gear
exhibit. The parts and their steps for manufacturing are as follows:
1. Roofing Assembly
a. Roofing Sheet
i. Cut 36"x48"x.093" acrylic sheet to specification using waterjet
b. Roofing Frame
i. Cut 2x4’s to specification using miter saw
ii. Drill holes for top mounting bolts
iii. Drill counterbores for bottom mounting screws
c. Roofing Side Panels
i. Cut 36"x48"x.093" acrylic sheet to specification using waterjet
2. Frame Assembly
a. Front Panel
i. Cut 36'' x 72'' x .093'' acrylic sheet to specification using waterjet
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b. Rear Panel
i. Cut 36'' x 72'' x .093'' acrylic sheet to specification using waterjet
c. Side Panels
i. Cut 36"x48"x.093" acrylic sheet to specification using waterjet
d. Bottom Panel
i. Cut 36"x48"x.093" acrylic sheet to specification using waterjet
3. Mounting Assembly
a. Mounting Board
i. Cut the 1/2” x 4 ft x 8 ft plywood sheet to size on table saw
ii. Using a hole saw and drill bit on the drill press cut out the holes for the
flange bearings, mounting bolts, and U-bolts
iii. Cut guide paneling for the weights to size on table saw
iv. Using wood glue, create the L-shape by clamping pieces together
v. Using wood glue and clamps, glue guides to the main board
4. Shaft Assembly
a. Lower Shaft
i. Cut 1” round aluminum bar stock to size using the vertical band saw
ii. Using a mill cut the square end of the shaft and the keyway
iii. Using a lathe turn the end of the shaft to size
iv. Drill and tap the end of the shaft
b. Upper Shaft
i. Cut 1” round aluminum bar stock to size using the miter saw
ii. Using a mill cut the keyway
iii. Drill a hole for the cord to pass through
5. Gear Train Assembly
a. Gears
i. Using the waterjet cut the 1” cutting board to specification

4.1.3 – Assembly
This section details the assembly of the gear exhibit in order. The assembly for the gear exhibit is
as follows:
1. Frame Assembly
a. Slide in the rear, side, and bottom panels to the slots of the enclosure posts
b. Seal the panels around the outside using caulk
c. Bolt flange bearings to the acrylic front panel using bolts and locknuts
d. Drill and tap in threaded inserts for front panel to the enclosure posts
2. Mounting assembly
a. Attach flange bearings and U-bolts to the mounting board using bolts and
locknuts
b. Drill and screw in threaded inserts to enclosure posts
c. Attach mounting board to enclosure posts using mounting bolts
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3. Roofing Assembly
a. Using Loctite vinyl adhesive, glue the two acrylic sheets to each other at the
specified angle
b. Brush wood sealer according to manufacturer directions on the wooden frame
pieces
c. Bolt the frame wood pieces together using a locknut and bolt
d. Screw the wood frame into the existing posts
e. Screw the acrylic roof sheet and side sheets to the wooden frame
4. Shaft Assembly
a. Press fit in the shaft keys into all shafts
b. Slide one shaft collar onto each shaft and tighten set screw
c. Tie paracord through the mounting hole of the upper shaft
5. Gear Train Assembly
a. Slide a large and small gear onto the upper shafts and secure each in place with
shaft collars
b. Slide a large and small gear onto the lower shaft and secure each in place with
shaft collars
c. Place the spring, crank handle, and then the washer on the lower shaft. Secure
with mounting bolt
6. Final Assembly
a. Slide the gear train assembly into the mounting board and attach axles with set
screws while having other people hold the axles
b. Thread the paracord through the U-Bolts and attach weights along tracks by tying
paracord through the hole in the weight
c. Pass the axles through the front panel flange bearings and bolt the front panel to
the enclosure posts. Tighten the set screw on all shafts
d. Bolt the scoreboard to the posts

4.2 – Air Cannon
The following details the manufacturing plan for the air cannon exhibit.

4.2.1- Materials Procurement
Materials for the air cannon exhibit are primarily reused from the previous exhibit as well as
ordered from online and local vendors. A simplified bill of materials is shown in Table 2 below,
which lists the sources for each material or part, quantity, and more information necessary for
ordering.

Table 2: Simplified Bill of Materials for Air Cannon Exhibit
Parts and Materials

Quantity Source

More Info
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PVC Drum - Main Body
Acrylic Panel, Front
Acrylic Panel, Back
Panel Screws
Flange Bearings
Bushing
Toggle Latch
Latch Screw
Latch Nut
Latch Washer
Support Saddle
Pole Base
Mounting Nut
Mounting Bolt
Mounting Washer
Pole Base Screw

Previous
1 Exhibit
Previous
1 Exhibit
Previous
1 Exhibit
Previous
24 Exhibit
2 McMaster
2 McMaster
Previous
3 Exhibit
Previous
15 Exhibit
Previous
15 Exhibit
Previous
15 Exhibit
Previous
1 Exhibit
Previous
1 Exhibit
Previous
4 Exhibit
Previous
4 Exhibit
Previous
4 Exhibit
Previous
1 Exhibit

for 3/4" shaft
for 3/4" shaft

Acrylic Sheet, Pistons
3/4"-10 Flange Nylon
Locknut

1 Home Depot

24"x48"x.22"

1 McMaster

Pack of 5

3/4" Washers

1 McMaster

Pack of 10

1/2"-13, 3 1/2" Long Hex
Head
Screws
1/2"-13 Steel Nylon
Locknuts

1 McMaster

Pack of 5

1 McMaster

Pack of 10

Medium Strength Steel Hex
Nut

1 McMaster

Pack of 50

Steel Sheet Plate

1 OnlineMetals

12"x24"x0.125"

Threaded Stud Bumpers

4 McMaster

3/8"-16
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Tight-Tolerance HighStrength
7075 Aluminum Rod

1 McMaster

3'

Extra-Grip Clamping Shaft
Collar

4 McMaster

3/4" diameter

Wire Mesh

1 Amazon

12"x24"

Superglue

1 Home Depot

To make these purchases the team will first use our $500 ProCard budget as requested by our
sponsor. SLOBG will later provide the rest of the necessary funds for the final parts of the
exhibit.

4.1.2 – Manufacturing
This section describes the detailed steps in manufacturing each manufactured component for the
air cannon exhibit. The parts and their steps for manufacturing are as follows:
1. Shaft
a. ¾” high-strength 7075 aluminum rod threaded on the piston-end, fitted with ¾"
shaft collar and spring pins.
2. Handle
a. Rear end of shaft fitted with knob
i. Thread end of shaft using ¾”-10 die
3. Steel Supports
a. 1/8” steel support profiles cut on waterjet with mounting hole pattern and hole for
bearing mount. Edges of support are bent to a flange for mounting inside the
drum.
b. Support bracket welded down cross section of support for stiffness in bending.
4. Support Plate
a. 1/8” steel plate profile waterjet and mounted to wall using ¼”-20 hex head fully
threaded bolts and ¼”-20 nylon locknuts
5. Wire Mesh
a. Mesh wrapped over nozzle and edges covered using PVC sleeve
6. Front and rear acrylic panels bolted into drum / housing

4.1.3 – Assembly
This section details the assembly of the air cannon exhibit in order. The assembly for the air
cannon exhibit is as follows:
1. Housing Assembly
a. Remove back hatch for installation of interior components; back hatch to be
reinstalled after installing the following assemblies
2. Drum Mounting Assembly
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a. Mounting plate bolted into flange pipe, which is bolted through in two directions
through the cemented mounting post.
b. Bolts installed through mounting plate up into drum
3. Piston Shaft Assembly
a. Secure shaft collar onto shaft, then slide piston up against the first shaft collar and
fix the piston with another shaft collar
b. Slide piston shaft with piston and shaft collars into the drum
4. Support Wall Assembly
a. Bolt flange bearings with press-fit oil-infused bushings onto the support wall
b. Slide in the support wall along the shaft and position with bolts into pre-drilled
holes in housing.
c. Ensure that piston shaft and piston slide freely through the drum with the current
alignment of the flange bearing / oil infused bearing component before sliding
second support wall onto the piston shaft and bolting to housing.
i. The second wall should be aligned using the first wall, which was aligned
using the concentricity of the drum with the clearance between the piston
and walls
5. Exit Assembly
a. Use adhesives to attach steel round woven plate to front panel

5.0 - Design Verification Plan
We will perform tests on our designs to see how well they meet the design specifications we
have devised. This section will outline how we will conduct these tests as well as who will
oversee each test. A complete list of specifications can be viewed in Appendix K: Table of
Design Specifications. Our design verification plans for the gear exhibit and air cannon can be
found in Appendix L and M, respectively.
Our first design specification is to reuse all the installed posts from the past exhibits. This test
will only consist of checking to ensure that each installed post from the air cannon and gearbox
is being reused. Our design changes do not impact this specification, so there will be no problem
satisfying this requirement.
The next specification is the amount of force required to operate the exhibits. For the air cannon,
we will test this by attempting to knock down a paper target on the current stand, by pulling the
handle back at various distances. It will be marked as a pass if it succeeds in knocking down the
target when the handle is pulled back at least four inches from the maximum pull-back distance.
This test will be conducted by Sean. The gearbox will be tested by using a load scale attached to
the handle and taking five measurements. This test will be performed by Zach, and it will be
considered a pass if the gears turn at 10 pounds of force or less.
Durability is an important design consideration. For the air cannon, we will hit the acrylic panels
and hang on the handle and observe any deformation. For the gearbox we will crank the gears as
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hard as possible to see if the weights will break the hard stops. This test will consist of visual
inspections of both scenarios, and they will be conducted by Sean.
Another design specification we have is the full enclosure of the exhibits. The air cannon will be
tested for this by attempting to place large debris (stick, rocks) inside the mesh-covered opening.
We will test the gearbox by pouring a bucket of water over the roof and spray the sides with a
hose. The visual inspection of debris and water intrusion will be performed by Maddy.
To have a successful interactive exhibit, we need the user to engage with it for a decent length of
time. Once we have the finalized versions of the air cannon and gearbox, we will have children
use them and time them to see how long they interact with them. We are aiming for the
interaction time to be at least five minutes, with less than two minutes being spent figuring out
how to operate them. We will collect these results and perform some basic statistical analysis to
give us indications about the target population.
The explanations for the exhibits will be posted on signs and will target a fourth-grade reading
level. We will test this by having a classroom of children operate the exhibits, read the signs, and
then have them respond to a simple survey that will have them rate their comprehension of the
explanations on a scale of 1-5. The entire team will be responsible for conducting this test.
Cost is one of the most important aspects of our design proposal, and we intend to keep the total
cost of all parts and labor under the maximum of $500 per exhibit. Our treasurer, Zach, will be
responsible for keeping track of all expenses and ensuring that they do not exceed this amount.
We want the minimum height to operate the exhibits to be less than forty inches from the ground.
Maddy will use a tape measure to find the height of the air cannon handle and the gearbox handle
at top dead center.
Finally, we are aiming for the disassembly and reassembly time for each exhibit to be thirty
minutes or under. Using a stopwatch, we will time how long it takes Zach to take apart the main
cylinder and piston assembly, and then reconstruct it to operating condition. For the gearbox, we
will see if Maddy can disassemble and reassemble the front panel, gears, shafts, and bearings,
within the thirty-minute goal.

6.0 - Conclusion
The goal of this critical design report is to document our full design and the justification behind
each design choice. We discussed our system design including critical changes since the
preliminary design review to the air cannon which included the change from a dual piston to a
single piston with two supporting walls. As well as the changes in the gear exhibit which mainly
were focused on the disengagement of the handle from the spinning axle due to the automatic
return mechanism. We explained how our designs will meet the specifications we laid out in the
scope of work. Finally, we outlined our purchasing plan for each exhibit and detailed the steps
for each design to be made from these materials and parts so that anyone could replicate the
design. We have chosen our design to meet our specifications and we are asking our sponsors
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Eve Vigil and Michael Kahl with approval to move forward in purchasing materials and parts,
manufacturing, and testing a final verification prototype. After this critical design review, we
will begin ordering materials, performing a risk assessment of our design, and start
manufacturing our prototype to get it in the garden as soon as possible for testing.
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Appendix A: Gearbox Drawings Package

Assy
Level

Part
Number

0
1

100000
110000

2
3
4
4
3

111000
111100
111110
111120
111200

4
4
4
4

111110
111210
111220
111230

3
4
2
3
4

111300
111110
112000
112100
112110

4
4
4
4

111230
112120
112130
111220

3
4
3
4
3

112200
111120
112300
111120
112400

4
3
3
3
3

111120
112500
112600
112700
112800

2
3

113000
113100

Descriptive Part Name

Lvl0 Lvl1 Lvl2
Final
Assembly
Enclosure Assembly

Lvl3

Qty

Lvl4

Roofing Assembly
Roofing Sheet
Wood Screws
Caulk

1
8
2
2

Wood Screws
Wood Sealer
Frame Nuts
Frame Bolts

8
1
4
4

Wood Screws

2
8

Threaded Inserts

1
6

Mounting Bolts
Flange Bearings
Flange Bolts
Flange Bolt Nuts

6
4
8
8

Roofing Frame

Roofing Side
Panels
Frame Assembly
Front Panel

Rear Panel
Caulk
Side Panels
Caulk
Bottom Panel
Caulk

1
1
2
1
1

Front Left Post
Front Right Post
Back Left Post
Back Right Post

1
1
1
1
1

Mounting Board

1

Mounting
Assembly

A-1

4
4

112110
111230

Threaded Inserts
Mounting Bolts

6
6

4

112120

4

4
4
4

111230
111220
113110

Flange Bearings
Flange Mounting
Bolts
Flange Bolt Nuts
U-Bolts

4

111220

4

4

113120

4
1

113130
120000

U-Bolt Lock Nuts
Guide Track Vertical
Upright
Guide Track
Horizontal Upright

2
2
2
2
2

121000
122000
123000
111230
124000

3
3
2
3
3

124100
124200
125000
124100
125100

3
3
3
3

124200
126000
127000
128000

Large Gear
Small Gear
Weight

4
2
2
2

1
2

130000
131000

Visual Assembly
Scoreboard

1

Total Parts

6
4
2

4
4

Gear Train Assembly
Crank Handle
Handle Spring
Handle Washer
Handle Bolt
Lower Shaft

2
1
2
2
2
Shaft Keys
Shaft Collars

Upper Shaft
Shaft Keys
Paracord
Shaft Collars

2
4
2
1
1

160

A-2

42.75

Part #: 111120

Part #: 111210

Part # : 112700
NOTE:
1. DRAWING FROM PREVIOUS SENIOR PROJECT AS
POST IS NOT MODIFIED FROM ORIGINAL

70

Part # : 112800
NOTE:
1. DRAWING FROM PREVIOUS SENIOR PROJECT AS
POST IS NOT MODIFIED FROM ORIGINAL

69

Part #: 121000

Part #: 125100

Part #: 128000
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Appendix B: Air Cannon Drawings Package
Assy
Level

Part
Number

0

100000

1

110000E

2

111000

3

111100

2

112000E

3

112100

3

114700

2

113000E

3
4

113100
113110

4

113120

3
4
4
4

113200
113210
113220
113230

4
4
4
4

113240
113250
113260
113270

4

113280

4
4
4

113290
113300
113310

2
3

114000E
114100

3

114200

Descriptive Part Name

Lvl0
Final
Asse
mbly

Lvl1

Lvl2

Lvl3

Qty

Lvl4

Housing
Assembly
Main Body
Assembly
Main
Cylinder

1

Front Panel
Assembly
Front
Panel
Panel
Screws

1
12

Piston
Assembly
Panel
Assembly
Main Panel
Secondary
Panel

1

Shaft
Shaft Handle
Stud Bumper
Stud Bumper
Nut
Shaft Collar
Flange Bearing
Center Wall
Bearing
Mounting Bolt
Bearing
Mounting Nut
Steel Bolt Plate
Bushing

1
1
4

1

Shaft
Assembly

4
4
2
2
4
4
2
2

Housing
Assembly
Housing
Toggle
Latch

1
3

B-1

3
3

114300
114400

3

114500

3

114600

3

114700

1
2
2
2
2

120000E
121000
122000
123000
124000

2

125000

2

126000

2
2
1
2
3

127000
128000
130000
131000
132000
Total
Parts

Latch
Screw
Latch Nut
Latch
Washer
Rear
Panel
Panel
Screws

15
15
15
1
12

Mounting
Assembly
Support Saddle
Pole Base
Mounting Nut
Mounting Bolt
Mounting
Washer
Pole Base
Screw
Mounting
Plate
Pole Mount

1
1
4
4

Wire Mesh
Superglue

1
1

4
1
1
1

Exit Assembly

127

B-2

PART #: 114200

Part #: 131000

Part #: 132000

Appendix C: Project Budget

C-2

C-1

C-2

C-2

Appendix D: Gearbox Force Calculations

Appendix E: Design Hazard Checklist Gearbox

E-1

Appendix F: Gearbox FMEA

Appendix G: Air Cannon Force Calculations

Appendix H: Design Hazard Checklist Air Cannon

Appendix I: Air Cannon FMEA

Appendix J: Gantt Chart

Appendix K: Table of Design Specifications
Spec.
#

Description

1
2
3

Reusing installed posts
Force Test
Durability Test

4
5
6
7
8

Fully enclosed
Interaction Time
Elementary school
language
Cost
Height

9

Time to disassemble

Requirement
Reusing all of the
structure
Movement takes 10 lbf
Withstand 70 lbf
Water should not
intrude
10 minutes
4th grade reading level
$500
40 inches from ground
30 min

Tolerance

Risk

Compliance

n/a
+2 lbf/-3 lbf
+20 lbf/-0 lbf

H
L
H

A,I,S
A,I,T
A,I,T

n/a
+10/-5 minutes
+1 grade/-3
grade
+50/-300
+10 in/-15 in
+20 min/-30
min

H
L

I
I

H
H
L

A
A
A

L

I

Appendix L: Design Verification & Plan (Gearbox)
Proj
ect:

Gearbox - F34 Physics
in the Garden 2.0

Sponsor
:

Eve Vigil & Michael Kahl

TEST PLAN
Tes
t
#

Specific
ation

Test
Description

Reuses
Installed
Posts

Confirm on
checklist
that design
reuses the
installed
mounting
post
Using a load
scale
attached to
the handle
of the
gearbox the
force
required to
turn the
gears will be
measured.
Crank the
gears as
hard as
possible into
the hard
stops, apply
a shear laod
on the
handle.

1

Force
Applicati
on
2

Durabilit
y

3

Measur
ements
N/A

Five
force
measur
ements
from the
load
scale.

Visual
inspecti
ons.

TIMING
Start Finish
date
date
4/28/
2022

Accepta
nce
Criteria
Design
reuses
the
current
single
installed
post
The
gears
start to
turn at
10 lbf or
less.

Required
Facilities/E
quipment
Children's
Garden
Exhibit

Parts
Need
ed
Moun
ting
post
(FP)

Load scale
at Mustang
60'/
Children's
Garden
Exhibit

Geart
rain
(SP,F
P)

Zach

2/20/
2022

Weights
do not
shear
the hard
stops
out. The
gears do
not get
thrown
out of
aligment
. The
handle
and
flange
bearings
do not
shear
out of
the
acrylic or
off the
axle.

Children's
Garden
Exhibit

Geart
rain
(SP,F
P)

Sean

2/20/
2022

Respon
sibility
All

Fully
Enclose
d
4

Interacti
on Time

Dump a
bucket of
water over
the roof of
the exhibit
and spray it
from the
sides to
check for
water
intrusion.
Record user
interaction
time with
exhibit using
numerous
samples

Visual
inspecti
on of
water
instrusio
n

Water
does not
pool
inside
exhibit
and
ingress
into
crevices.

Children's
Garden
Exhibit/
Bucket and
hose

Fully
enclo
sed
asse
mbly
(FP)

Maddy

4/28/
2022

Interacti
on Time
(s)

Children's
Garden
Exhibits

Gear
box
asse
mbly,
stop
watc
h
(FP)

All,
child/ad
ult
particip
ants

4/28/
2022

Have a
classroom of
children
operate the
exhibits and
read the
signs, then
have them
respond to a
simple
survey that
indicates
their
understandi
ng
Ensure that
gearbox
building/part
costs are
within San
Luis Obispo
Botanical
Garden and
ME
Department
budgets

Underst
anding
rating
scale

User
spends
at least
5
minutes
with
exhibit
and less
than 2
minutes
figuring
out how
to use it
1-5
scale on
compreh
ension,
4 and
above

Children's
Garden
Exhibits,
signs

Gear
box
asse
mbly,
signa
ge
(FP)

All,
child
particip
ants

4/28/
2022

< budget
maximu
m ($500)

N/A

Final
Proto
type

Zach

4/10/
2022

5

Element
ary
School
Languag
e
6

Cost

7

Total
Cost ($)

Height
8

Reasse
mbly
Time

9

Measure the
height of the
handle
crank at top
dead center
for
accesibility.
Diassemble
the installed
gearbox
exhibit by
removing
the front
panel,
gears,
shafts,
handles,
bearings,
and
mounting
board. Then
reassemble
all of them
to
specification
.

Height
of the
crank
handle

Less
than 40
inches
from the
ground

Children's
Garden
Exhibit/
Measuring
tape

Gear
box
asse
mbly
(FP)

Maddy

4/28/
2022

Reasse
mbly
time
(min)

15
minutes

Children's
Garden
Exhibit,
stopwatch

Gear
box
asse
mbly
(FP)

Maddy

4/28/
2022

Appendix M: Design Verification & Plan (Air Cannon)
Proj
ect:

Air Cannon - F34
Physics in the Garden
2.0

Sponso
r:

Eve Vigil & Michael Kahl

TEST PLAN
Tes
t
#

Required
Facilities/E
quipment
Children's
Garden
exhibit

Parts
Need
ed
Woo
d
Posts
(FP)

Handle
Distanc
e (in)

Piston
can
knock
down
target at
least 4
in from
maximu
m pullback
distance

Children's
Garden
exhibit

N/A

Exhibit
can
withstan
d
scenario
s without
breakag
e or
noticeab
le
deformat
ion

Children's
Garden
exhibit

Air
cann
on
pisto
n
asse
mbly,
targe
ts,
targe
t
stand
(SP,
FP)
Air
cann
on
housi
ng
and
acryli
c
panel
s,
shaft
and
handl
e
(SP,
FP)

Test
Description

Reuses
Installed
Posts

Complete
checklist to
confirm that
all the posts
from the
previous
exhibit is
being
reused.
Test is a
target can be
knocked
down at
various
distances
that the
handle is
pulled back.

N/A

Hit acrylic
panels and
hang on
handle.

1

Force
Applicati
on

2

Durability

3

Accepta
nce
Criteria
All posts
are
reused

Specifica
tion

Measur
ements

Respo
nsibility
All

TIMING
Start Finish
date
date
2/4/2
022

Sean

3/1/2
022

Sean

3/1/2
022

Fully
Enclosed

Attempt to
place
debris/rocks
into air
cannon
cylinder

N/A

Mesh
complet
ely
blocks
out large
pieces
of debris

Children's
Garden
exhibits,
rocks/stick
s, water

Interactio
n Time

Record user
interaction
time with
exhibit using
numerous
samples

Interacti
on Time
(s)

Children's
Garden
Exhibits

Elementa
ry School
Languag
e

Have a
classroom of
children
operate the
exhibits and
read the
signs, then
have them
respond to a
simple
survey that
indicates
their
understandin
g
Ensure that
air cannon
building/part
costs are
withing San
Luis Obispo
Botanical
Garden and
ME
Department
budgets

Underst
anding
rating
scale

User
spends
at least
5
minutes
with
exhibit
and less
than 2
minutes
figuring
out how
to use it
1-5
scale on
compreh
ension,
4 and
above

Children's
Garden
Exhibits,
signs

< budget
maximu
m
($500)

N/A

4

5

6

Cost

7

Total
Cost ($)

wire
mesh
,
roofin
g,
enclo
sure
panel
s
(SP,
FP)
Air
Cann
on,
stop
watc
h
(FP)

Maddy

3/2/2
022

All,
child/a
dult
particip
ants

4/22/
2022

Air
Cann
on,
signa
ge
(FP)

All,
child
particip
ants

4/23/
2022

N/A
(SP,
FP)

Zach

4/10/
2022

Height

Test required
minimum
height
necessary to
operate air
cannon

Tape
Measur
e (in)

Child
can
successf
ully
reach
hande
and
push it

Children's
Garden
Exhibits

Pisto
n
handl
e
(SP,
FP)

Maddy

4/10/
2022

Reassem
bly Time

Dissassembl
e air cannon
by removing
latch locks,
taking apart
drum
assembly
and taking
off of mount
system.
Then
reattach,
relatch, and
relock.

Reasse
mbly
Time
(min)

15
minutes

Children's
Garden
Exhibits

Air
cann
on
asse
mbly,
stop
watc
h
(FP)

Zach

4/20/
2022

8
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1.0 - Design Updates
In constructing the final product, we found that some changes to our original design were
necessary. One of these changes pertained to the piston shaft support walls. We initially planned
to have a tee joint welded along the entire length of the support, to provide stiffness in bending
when the handle is pushed down as well as provide added support for any force transmitted to
the walls from friction as the piston handle is pushed forward axially in the drum. The original
design can be seen below in Figure 1.

Figure 1: Solidworks model for original piston support design

After water jetting the steel selected for use in the support walls, drilling the holes, and bending
the flanges for mounting into the drum, we realized that even without the tee joint, our support
was robust enough to withstand our maximum load case. We verified this by installing them in
the drum and conducting preliminary load testing to gauge if the walls would be structurally
sound, which they are. Photos of the support walls without the tee weld, as well as our first
installation test of the walls in the drum can be seen below in Figures 2 and 3 respectively.
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Figure 2: Support walls without originally planned tee weld

Figure 3: Initial installation of support walls in piston drum
We also found that the hard stops were not necessary, as the piston was able to contact the front
panel and the first support wall without any damage to the piston or other subsequent
components of the air cannon. We felt that adding the threaded stud bumpers or foam balls and
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the secondary piston as hard stops were unnecessary, as they did not affect the functionality or
durability of the design. We again tested this intermittently, installing the support walls around
the piston and pushing and pulling as hard as we could with as much force as we could to ensure
that the assembly was durable enough to withstand impact. This greatly cut down on
manufacturing and assembly time, component count, and overall cost. A Solidworks rendering of
the originally planned hard stop system can be seen below in Figure 4.

Figure 4: Solidworks model of original hard stop system with threaded
stud bumpers installed in support wall and secondary piston hard stop
Another big design change was making our own pole mount to attach the drum and saddle to the
previously installed post in the garden. Our initial plan was to reuse the casting of the 4-bolt
flange pillow block bearing the previous group used to allow the air cannon to swivel, because
this already had the correct bolt pattern for attaching to the drum and would save money in
material procurement and manufacturing time. We removed the bearing with a hydraulic press
and tried to press a solid round of aluminum into where the bearing was seated, and quickly
realized that cast iron housing was not perfectly round and had a ridge in it to keep the bearing in
place. To use the old housing, we would have needed to bore out the hole, which would have
been a challenge to fixture and taken more time than we wanted to spend machining. Instead, we
decided to waterjet a new mounting plate with the same bolt pattern using some 1-inch-thick
aluminum plate that was left as scrap. We asked a shop technician to weld our original aluminum
round bar stock to the waterjet mounting plate. This was a challenge, because the materials used
were so thick, and heating up the part to weld was difficult, but the final product worked
perfectly. Our revised saddle mount can be found below in the Manufacturing section of this
report.
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The remaining changes to our design were discovered during the assembly process and were
quick changes to aid in the functionality of the exhibit. One such change was using a bike grip
rather than a plastic threaded ball. We found that threading the high-strength, ground aluminum
shaft was extremely difficult, and realized that the ball on the end was uncomfortable to push,
being made of hard plastic. We thought of other handles that could be more ergonomic in this
case and decided instead to install a used bike grip. Figure 5 shows a photo of the bike handle as
our final handle grip.

Figure 5: Bike grip used on final push handle design
We also found that the piston travel was limited by the size of the drum. Since the piston was
only moving between the front support wall and front panel of the air cannon, we decided to cut
the drum a few inches shorter and re-mount the back hatch. Shortening the overall length of the
air cannon from the back did not alter the distance between the front support wall and front panel
but allowed the piston rod to be pushed further into the drum before the handle interfered with
the back panel, thus allowing for maximum travel and a higher volume of air pushed out of the
cannon.
To ensure smooth axial movement of the piston rod through the oil infused brass bushings, we
found that the flange bearings could not be tightened down completely or else they would bind
and inhibit any axial movement of the shaft. We discovered this when first aligning the piston
through the bushing / flange bearing assembly, where we did not fully tighten down the ¼-20
bolts and left them loose, noting that the shaft would not slide as soon as we tightened the bolts
down all the way. We used small square acrylic spacers, seen above as the little white squares in
Figure 5, and positioned them between the mounting plate and the support walls so the bolts
could be fully tightened without the flange bearings being over-constrained. This allowed the
piston rod to move smoothly and allowed us to fully tighten the bolts so there was no excess
noise from the fasteners rattling in the exhibit. From the addition of the spacers, we also opted to
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use longer bolts through the mounting plate and support walls, to allow for proper thread
engagement between the bolts and our nylon lock nuts.
Lastly, our design update towards the end of assembly was in omitting the use of a shower drain
or mesh panel at the exit end of the air cannon. The original goal of this was to inhibit the
accumulation of trash, dirt, and other objects that could be thrown into the air cannon and
prevent misuse of the exhibit, as the previous installment experienced. When we tested the
airflow with the shower drain temporarily attached to the front panel, the airflow was far too
weak due to the obstruction, and we felt that it was better for the overall functionality of the
exhibit to leave it open. Instead, we confirmed that a shop vac nozzle can fit through the opening
in the front panel, and it is easy to reach an arm into the drum through the front panel to clean the
exhibit should anything be thrown into the drum. Our idea was that, since the previous exhibit
broke down so soon after installation, the audience found other ways to make use of it. We
hoped that with it now working, tampering with the exhibit would be less likely, and so far, this
has held true. Months after the initial installation, the exhibit is still clean and functional.

2.0 – Manufacturing
The following sections details our part procurement process to build the Air Cannon exhibit, all
steps in the manufacturing process, and the assembly process. A discussion of our verification
prototype and how it met our user’s needs follows.

2.1 - Part Procurement
Shaft, flange bearings, and all fasteners (wall mounting bolts/nuts, flange bolts/nuts) were from
McMaster-Carr. We obtained super glue and acrylic for Home Depot, and the bike handle was
donated to us from a bike shop. All other parts are from the previous exhibit. See Appendix A for
a full list of expenses of each exhibit.

2.2 - Part Manufacturing
This section describes the manufacturing steps used to build our final product.
1. Shaft
a. Consists of a ¾” high-strength 7075 aluminum rod fitted with a pair of ¾" shaft
collars. We ordered it from McMaster-Carr, and a picture of the received product
can be seen below in Figure 6.
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Figure 6: ¾’’ Aluminum Shaft
2. Handle
a. We were able to obtain a used rubber bike handle from a bike shop and attached it
to the end of the shaft with plastic to metal epoxy. The flange gives added
protection to the user’s hand from the impact of the back panel when the piston is
pushed forward
3. Steel Supports
a. Consist of 1/8” steel support profiles cut on waterjet with mounting hole pattern
and hole for bearing mount. Edges of support are bent to a flange for mounting
inside the drum. The original 1/8’’ sheet metal can be seen in Figure 7.
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Figure 7: Sheet metal used for mounting supports
After water jetting the sheet metal, we used a surface grinder to remove rust and prep the surface
for painting. We then painted the supports and mounting plates yellow to add some visual
appeal. Final profiles with bent flanges can be seen in Figure 8.

Figure 8: Steel mounting supports
4. Support Plate
a. 1/8” steel plate profile waterjet and mounted to wall using ¼”-20 hex head fully
threaded bolts and ¼”-20 nylon locknuts
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Figure 9: Support flanges, walls, and acrylic piston
5. Mounting Assembly
a. Drum length cut in half using a jig saw. Re-drill holes for panel screws.
6. Piston Assembly
a. Water jet cut acrylic to specified dimensions for piston diaphragm.
7. Saddle mount
a. We water jet cut the mounting plate profile from a piece of 1” thick plate with the
same bolt pattern from the drum for the saddle to rest on. This mounting plate can
be seen in Figure 10.

Figure 10: Mounting Plate
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We faced the original pole mount and welded it to the bolt plate to create the saddle
mount. This can be seen in Figure 11. The cylinder portion goes inside of the pole
that is cemented at the botanical garden.

Figure 11: Saddle mount

2.3 - Assembly
This section details the assembly of the air cannon exhibit in order. The assembly for the air
cannon exhibit is as follows:
1. Housing Assembly
a. Remove back hatch for installation of interior components; back hatch to
be reinstalled after installing the following assemblies. See Figure 12 below.

Figure 12: Back Hatch Removal
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2. Drum Mounting Assembly
a. Saddle mount placed inside mounting post, which is then bolted through in
two directions through the cemented mounting post. See Figure 13.

Figure 13: Saddle Mounting Post
3. Bolts installed through mounting plate up into drum.
4. Piston Shaft Assembly
a. Secure shaft collar onto shaft, then slide piston up against the first shaft
collar and fix the piston with another shaft collar
b. Slide piston shaft with piston and shaft collars into the drum
c. Glue bike handle onto end of shaft after reattaching housing assembly
5. Support Wall Assembly
a. Bolt flange bearings with press-fit oil-infused bushings onto the support
wall
b. Slide in the support wall along the shaft and position with bolts into predrilled holes in housing.
c. Ensure that piston shaft and piston slide freely through the drum with the
current alignment of the flange bearing / oil infused bearing component before
sliding second support wall onto the piston shaft and bolting to housing.
d. The second wall should be aligned using the first wall, which was aligned
using the concentricity of the drum with the clearance

2.4 - Challenges
One of the challenges we had was finding an appropriate handle. We originally intended to reuse
the previous plastic ball handle which threads onto the handle. However, we had issues threading
the shaft with the die, so we had to scrap this idea and find a new handle. We explored different
handle ideas when we went to Home Depot, such as using a pipe fitting end. To save money, we
considered any affordable options. One issue we had to consider was the impact of the user’s
hand against the back panel when the piston is forced forward. We managed to find a good
10

option in a bike handle, which was free and had a flange on the end to absorb the impact of
forcing the piston forward.
Another issue we came across was the fact that the shaft ended up being too short to push the
piston all the way forward. To work around this, we simply cut the housing drum in half with a
jigsaw to increase the length of travel. Then, we remounted the back panel on the cut end, so we
did not have to remount the latches.
We originally tried to reuse the original flange bearing mount by removing the bearing inside
and press fitting the mounting piece into it. This eventually led to some of the cylindrical
mounting piece getting sheared off, as seen in Figure 6. Since we could not reuse the flange
bearing mount anymore, we decided to create a new mounting plate out of some scrap sheet
metal, drilling new mounting holes into it, and welding it to the cylindrical mounting piece. This
took a while to weld, and since none of us had significant welding experience we had to enlist
the help of a shop tech who graciously donated their time to our project.

2.5 – Verification Prototype
For this project, our verification prototype was our final version of the air cannon. Our group
decided that for the air cannon we would prioritize the completion of the final product for our
sponsor due to the short timeline. Our senior project advisor recommended this because any
changes to the verification prototype would need to be made to the final version. This change
was also made because we were asked to redesign two projects and to move on to the gearbox,
we had to seek approval of our finalized air cannon as soon as possible. The redesign of the air
cannon made in this project mainly consists of improvements to durability. Durability was one of
our chief concerns during the preliminary design stage, and it featured as one of our engineering
specifications. The previous air cannon design consisted of a handle attached to a plastic
diaphragm. This broke within a week of installment at the garden, as seen below in Figure 14.

Figure 14: Previous Air Cannon Piston Design
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To improve the structural weakness that came with a plastic piston, we decided to employ a solid
acrylic piston fixed on an aluminum shaft. This was reinforced by two steel supports that are
fixed inside the main drum, along with bushings pressed into flange bearings that facilitate axial
movement, as seen in Figure 15. The existence of these steel supports decreased the bending
moment by up to 30%, as shown in our analysis in our Preliminary Design Report. This design
change was confirmed to enhance durability as shown in our testing section, in which one of our
group members was able to sit on the handle with no noticeable deformation or effect.

Figure 15: Current Air Cannon Piston Design
Because of the design change related to the piston, our verification prototype was able to satisfy
our specifications and indicate that it was an appropriate design to use as our final product.

3.0 - Design Verification
This section details the testing of our project to verify if it met the specifications that we laid
forward in our SOW. This section will explain how we planned to verify each specification, the
testing that took place for each, and the results. A discussion of testing that was not performed,
reasoning behind specifications that were not met, and challenges encountered along the way
finishes the section.
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3.1 – Verification of Specifications
The specifications for each exhibit were to be verified as follows:
1. Reusing Installed Posts – Verified via visual inspection of the exhibit.
2. Force Application – Attempt to knock down a target at various rod pullback distances and
distances up to 4 feet.
3. Durability – Apply extreme forces on the walls and handle of the air cannon including a
load of at least 70 pounds hanging off the handle.
4. Fully Enclosed – Attempt to load the air cannon with debris and evaluate how easy it
would be to clean the air cannon.
5. Interaction Time – Review the time a user interacts with the exhibit by timing them and
recording samples.
6. Elementary School Language – Have children use the exhibits and read the signs, and
then give them a brief survey to indicate their understanding of the explanations.
7. Cost – Confirm that we are under the combined budget of the SLOBG and the ME
department.
8. Height – Confirm that the height of the handle is within 30 inches.
9. Reassembly time – Confirm the time it takes to assemble the piston and supports into the
drum and have the exhibit functioning again is 15 minutes or less.

3.2 – Testing
Testing procedures were developed from the verification specifications and followed to verify
whether the exhibits met the outlined specifications. There were specifications that did not
require a test procedure as they were confirmed through a single measurement or verification.
These specifications included reusing installed posts, cost, and height. Each test procedure
performed considered any risks identified in our risk assessment which is found in Appendix C.
A summary of the tests for each specification that had a procedure is given below in Table 1. The
detailed test procedure and results can be found in Appendix D.

Table 1: Testing Procedures
Test
Force Application

Durability

Summary of Procedure
Set up a target in one-foot increments and
attempt to knock down the target up to four
feet away. At each distance the target is
attempted to be hit with different pull back
distances of the rod.
Push the piston fast as possible forward into
the hard stops. Pull the piston back as hard as
possible into the hard stops. With the handle
at full stick out of the exhibit lean and hang
on it. Take note of any damage that occurs.
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Test
Fully Enclosed

Interaction Time
Elementary School Language
Reassembly time

Summary of Procedure
Attempt to place debris, objects, and
particulates in the cannon drum. Operate the
cannon and determine if it can still perform as
usual with obstructions in the drum.
Survey parents and teachers asking how long
it takes kids to figure out how to use the
exhibit and how long they played with it.
Survey parents and teachers on a scale of 1-10
how much kids could read on the signs and
how much they understood.
Time how long it takes to put the support
walls, piston, and back housing into the air
cannon. Timing stops when cannon is
functional again.

3.3 – Results
The following section details the results found from each test or verification of our exhibit. Full
results for each test can be found in the design verification plan and report (DVP&R) found in
Appendix E.
1. Reusing Installed Posts – We verified this via visual inspection of the exhibit. The
original mounting post was reused.

Figure 16: Criteria 1 – Reusing Installed Posts
2. Force Application – We knocked down a target at various distances, up to 4 feet away
from the exit end of the air cannon. With maximal force the cannon could knock a
box off the stand from four feet away.
14

Figure 17: Force Application Testing
3. Durability – The piston was pushed as hard as possible forwards and pulled as hard as
possible backwards with no damage to the piston/shaft assembly. The shaft was also
deflected in every direction with no damage to the piston verifying the walls took the
load. Finally, a group member sat on the fully outstretched shaft to simulate a kid
hanging on it and the shaft deflected but did not result in any deformation.

Figure 18: Durability Testing
4. Fully Enclosed – The air cannon had an open hole so debris could easily be placed in
the drum. The cannon still functioned with debris placed in the drum, but large debris
would decrease the piston travel consequently reducing airflow to be able to knock
down the target. However, it was discovered those with smaller hands could stick
their arm in to remove large objects and the piston could be used to push objects far
15

away forward for removal. A shop vacuum could also be used to clean out dust in the
drum.

Figure 19: Putting a shop vacuum in the air cannon to test cleaning the drum out
5. Interaction Time – Results were not gathered for this test due to limited time
constraints and resources.
6. Elementary School Language – Test was no longer needed as signage was to be made
by an elementary school interpreter.
7. Cost – The cost of the air cannon came out to $381.31, which was well under the
$500 we expected for it and allowed us to direct more money towards the gear
exhibit.
8. Height – The height of the handle was measured to be around 30 inches from the
ground.
9. Reassembly time – The piston, support walls, and back hatch were reinstalled in the
air cannon. With the flange bearings already aligned the time to assemble was 14
minutes and 48 seconds.
Table 2: Test Results
Test
#
1

2

Specification

Description

Numerical Results

Pass / Fail

Reusing Installed
Posts

Complete checklist to confirm
that all the posts from the
previous exhibit are being
reused.
Test if a target can be knocked
down at various distances.
Hit acrylic panels and hang on
handle.
Attempt to place debris/rocks
into air cannon cylinder.

N/A

Pass

48 in

Pass

N/A

Pass

N/A

Fail

3

Force
Application
Durability

4

Fully Enclosed
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Test
#
5
6

7

8
9

Specification

Description

Record user interaction time
with exhibit using numerous
samples.
Elementary
Have a classroom of children
School Language operate the exhibits and read
the signs, then have them
respond to a simple survey that
indicates their understanding.
Cost
Ensure that air cannon
building/part costs are withing
San Luis Obispo Botanical
Garden and ME Department
budgets.
Height
Test required minimum height
necessary to operate air
cannon.
Reassembly
Disassemble the air cannon by
Time
removing the back hatch,
support walls, and piston.
Reassemble the support walls,
piston, and back hatch in.

Numerical Results

Pass / Fail

N/A

N/A

N/A

N/A

$381.31

Pass

30 in

Pass

14 minutes and 48
seconds

Pass

Interaction Time

3.4 – Incomplete Tests and Failed Specifications
There were a few tests we did not perform and areas where our final design did not end up
meeting the specifications. We did not perform any testing on the gear exhibit as we had to spend
the second half of the quarter building it after getting the air cannon exhibit in. Therefore, all
testing that happened was focused on the air cannon. The tests that did not happen were the
interaction time testing and the elementary school language test. The interaction time testing did
not occur as there was no easy way to take the survey of people using the exhibit and we were
already pressed for time, so we focused on the durability testing of the exhibit. The elementary
school language testing did not happen as our sponsor provided an elementary school interpreter.
Therefore, the interpretation of the information of the exhibit for the signs was not done by us
and the test was no longer needed.
The only failed specification from the air cannon was the fully enclosed specification. During
testing we discovered that enclosing the exit hole in any manner severely reduced the airflow out
of the drum. However, after a month of the exhibit being installed in the garden there was no
debris placed in the drum like the last one, which may be a result of the exhibit being functional.
Therefore, this failed specification was not detrimental to the function of the exhibit.
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3.5 – Challenges of Testing and Lessons Learned
The largest challenge faced in testing was a result of us having to manufacture the gear exhibit
after the testing of the air cannon. Therefore, our focus had to change to prioritizing testing that
ensured the air cannon exhibit was functional and durable and put off the user interaction tests as
those were too time consuming. Another challenge was that testing on site required driving over
to the garden, which became too time-consuming when we were the other exhibit. Therefore, all
testing was done before and during installation of the exhibit.
Due to how constrained in time we felt the main lesson we learned was that we should’ve
developed a more concrete testing schedule. Planning out our time better and especially the
locations of where we would be on each day would have helped us in better completing our
testing.

4.0 – Discussion and Recommendations
Through this project, we gained experience coordinating with an outside vendor, increased our
level of understanding of design for manufacturing, and learned how to research topics that were
entirely new to us. None of our group had experience working with children’s exhibits or
children’s parks from a manufacturing and design perspective, and it had also been a long time
since any of us had interacted with children’s exhibits or been to a park in general. It took a
decent amount of time researching what goes into planning for user safety, as well as
understanding different ethical scenarios regarding interactive exhibits for public use. One of the
most significant things that we became more familiar with was the importance of designing for
manufacturability, as well as appropriately budgeting time for manufacturing. We all knew how
important design for manufacturability is, as well as how much longer manufacturing can take in
real applications as opposed to ideal time estimates. Through this project and especially with
such a small team taking on two big projects, we learned how to prioritize certain parts and
manage our time to still be productive even when there were shifts in our schedule such as
shipping and ordering delays, budget concerns, and design changes.
One design change that would be useful if we had to make it again would be to use threaded
inserts for the machine screws to hold the front acrylic panel on, so that there would be another
means of cleaning the exhibit easier. It should be noted that the exhibit can still be cleaned
effectively as stated earlier in the report but having the front panel removable would be better for
ease of access. We assembled the exhibit and selected components such that maintaining the
individual assemblies within the air cannon should be minimal. The support walls should not be
removed and should not need to be replaced, and it is recommended that they are not uninstalled,
rather any maintenance can be accomplished through potentially cleaning out the drum of the air
cannon, and potentially covering the exhibit in case of excessive or heavy rain, should the owner
want it to be extremely cautious. This should ideally be the extent of necessary maintenance of
the air cannon, as the design was assembled to last an extended period of time.
A manufacturing change that would be beneficial if we had to build it again would be installing
grooves or rests for the support walls to butt up against so alignment of the walls would be based
on the positioning of solid blocks rather than a drilled hole pattern, as it would have made

18

installing the walls quicker. Another manufacturing change that would make the process much
smoother would be to waterjet the mounting holes in the support walls rather than drilling them
out manually on a drill press. We forgot to add the holes to our CAD file to run on the waterjet
and thus had to drill the holes ourselves.
For potential high-volume production of the various components of this design, one
recommendation would be to purchase large sheets of material to waterjet each component in
one setup. Since we only had one or two parts to cut from each piece of material, we were able to
make it work with smaller pieces of material, but on a larger scale, it would be most efficient to
waterjet multiple front panels, support walls, pistons, and other components in the same
operation. For example, rather than cutting one front panel out of a piece of acrylic, cut ten front
panels from a larger piece of acrylic for ten air cannons. Another recommendation would be to
make locating fixtures for the outside of the air cannon to drill the mounting holes for the support
walls. For our smaller scale, single product, it was quickest to mark where we wanted the walls
mounted and drill based on that positioning, but for larger scale production it would make more
sense to standardize the process.

5.0 – Conclusion
This project designed, manufactured, assembled, installed, and tested a complete interactive
children’s exhibit for the San Luis Obispo Botanical Garden. The resulting product performs its
job of effectively knocking over a target at a fixed distance away from the air cannon and is
durable enough to withstand years of use and various load cases, even outside of what should be
experienced in common, everyday use. The assembly is structurally sound and durable enough to
withstand years in the park and should not be disassembled as maintaining the support walls and
mounting assembly should not be necessary. One thing we did not achieve was removing the old,
unused posts around the exhibit, as the current exhibit does not swivel and instead remains fixed.
Overall, the construction and implementation of this design, thus far, has been a success and we
are all incredibly proud of what we have achieved.

6.0 – Acknowledgements
Throughout the course of this project, we had lots of people helping us, either through talking out
design considerations, seeking out flaws in preliminary designs, manufacturing questions and
assistance, and various other forms of guidance. We could not have made it this far without help
from the various shop technicians in the ME shops, design professors in the ME department, our
advisors, and of course, our sponsors with the SLOBG. This was truly a collaborative effort, not
only among the three individuals on our team but also with various other people willing to listen
to us, answer our many questions, and provide support.

19

Appendix A: Final Project Expenses

A-1

A-2

Appendix B: User Manual
This user’s manual includes instructions for product use and important safety information. Read
this section entirely including all safety precautions before using the product.

Instructions for use:
1. Set target on top of stand.

2. Using handle, pull piston all the way back.

Push it forward as hard as possible.
3. Watch the air knock down the targets!

Cleaning Instructions:
If debris gets in the air cannon, simply reach your arm into the front hole to remove larger pieces.
Large debris that is out of reach can be pushed forward with the piston. To remove finer particles
such as dirt, a vacuum can be used by sticking the hose and extension inside the drum through
the front hole.
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Attaching the Housing to the Drum
Follow these instructions to attach the housing to the drum. There should be a minimum of two
people performing these tasks.
1. Hold the housing with the clear end plate closest to your body, with the toggle latch
hooks towards the top of the housing.
2. Slowly approach the mating end of the drum with the diaphragm side first, while aligning
the toggle latch hooks to the toggle latches. Make sure the housing goes above and nests
into the saddle support on the base.
3. Once close, mate the female and male ends of the cylinders. A second person will hook
and secure the three toggle latches.
4. If needed, twist the latches to length where they can latch onto the hook, closing the gap
between the housing and the drum.
5. Once the three toggle latches are secure and there is no gap, physical support from a
person can be removed.
6. Attach the locks to the holes on the toggle latches and secure with the key. Remove the
key and return the keys to the designated space where they will not be lost, but also not
accessible to the public

Attaching Piston Guide Bushing and Supports
Follow these instructions to assemble the piston guide supports and bushings. A minimum of two
people is needed to perform this task.
1. Place the bushing with its housing into the support wall hole on each support.
2. Place the spacer between the support and mounting plate. Place the bolts through the
mounting plate holes and attach with the locknuts. Tighten down with a 7/16” wrench
and socket. Do not overtighten bolts or the bearings will get locked in place and not
allow the piston shaft to slide.
3. Slide the piston shaft through the first bushing attached to the support and align with the
mounting holes.
4. Place the corresponding plastic spacer between the drum housing and the support on the
inside of the drum where the gap exists.
5. Place the four mounting bolts through the washers and then into the holes. The long end
of the bolts should stick into the drum. Tighten the bolts using a 7/16” wrench and socket
until tight.
6. Repeat steps 4 and 5 with the second support wall.
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7. Check to make sure the piston slides when pushed. If it does not, loosen the mounting
plate bolts covering the bushings until the piston begins to slide freely.

Maintenance Schedule
TASK
Vacuum inside of drum through front hole
Tighten nuts and bolts that attach supports to walls
Tighten nuts and bolts that attach flange bearings
If necessary, fix alignment of shaft by remounting
supports

Frequency
monthly
yearly
yearly

Performed by
staff
staff
staff

Replacing Parts
To replace or repair a part, it may be helpful to refer to the Manufacturing section on how it was
created and installed. Most parts, aside from custom made parts, are assembled with screws or
bolts, so replacement simply requires removal of screws, replacement of part, and reinstalling the
screws. For example, to replace a latch, remove the screws, replace, and reattach the screws with
their respective washers and nuts. To replace parts that were customized in the manufacturing
process, it may be necessary to contact the student machine shops and refer to the Manufacturing
section. Refer to Appendix B in the CDR for the Air Cannon Bill of Materials that lists part
information to reorder certain parts from McMaster-Carr.
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Appendix C: Risk Assessment
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Appendix D: Testing Procedures and Results
Test Name: Air Cannon Durability Test
Purpose: Test and confirm that the piston and hard stop can withstand overexaggerated, drastic
pulling forces and impact forces; determining if the handle can withstand shear loading
associated with users leaning on the handle.
Scope: Ensuring the subcomponents of the air cannon can withstand repeated, aggressive use.
Equipment:
• Strain Gauge
• Test Users / Sample Users (adults to misuse the exhibit)
Hazards:
• Repeated aggressive use could negatively impact the user
• Aggressively pushing on the different components could cause the user to slip on
the dirt
PPE Requirements:
• Shoes with a good grip to prevent slipping
Facility: SLO Botanical Gardens, San Luis Obispo, CA
Procedure:
1. Confirm that all test participants are wearing appropriate shoes to successfully
push and pull the piston without slipping
1. Apply one fast push forward
a. Take note of where the piston contacts the hard stops
1. Push piston against hard stops
a. Take note of any deflection in piston
a. Using strain gauge, determine approximate max force maintained by the
pistons
1. Apply one fast pull backward
a. Take note of where the piston contacts the hard stops
1. Pull piston against hard stops
a. Take note of any deflection in piston
1. Pull handle all the way out, moving the piston all the way to the back of its travel
1. Lean on exposed aluminum handle
a. Take note of:
i.Bending in rod
i.Deflection of rod to contact back acrylic wall
1. Push handle all the way in, moving the piston all the way to the front of its travel
1. Lean on exposed aluminum handle and plastic knob
a. Take note of:
i.Bending in rod
i.Deflection of rod to contact back acrylic wall
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Results:
Table 1: Air Cannon Durability Results
Test Number

1
2
3

Push
Fast
[P/F] Slow [lbf]
P
32
P
34
P
31

Pull
Fast
[P/F]
P
P
P

Slow
[lbf]
40
39
40

Lean
Max
Min
Stickout Stickout
[P/F]
[P/F]
P
P
P
P
P
P

Passing Criteria:
P/F for excessive deflection detected or any cracks / damage noticed
Force readings for slow pushes / pulls to determine max loading from
user; if deflection does not occur at max loading, the test passes
•
•

Test Date(s): 04/22/22
Test Results: Pass
Performed by: Maddy Rossitto
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Test Name: Force Test

Purpose: To see what pull back distances are sufficient to knock down a target 3 feet away from
the exit hole of the air cannon.

Scope: How accurate the air cannon is at knocking down targets from specific piston pull back
distances will be verified using this test.

Equipment:
•
•
•

Tape measure
Ruler
Scale

Hazards:
•
•
•

Pinch points between moving rod and back hole
Flying target
Rod can act as a battering ram when suddenly pulled back

PPE Requirements:
•

Closed-toed shoes

Facility: San Luis Obispo Botanical Gardens, San Luis Obispo, CA

Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1) Bring target stands and targets to the Children’s Garden
2) Set up 3-foot distance between exit hole and target stands with tape measure
3) Aim the air cannon so that the airflow will reach the target stands
4) Place targets on top of target stands
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5) Measure the distance of the piston by measuring the distance between the handle and
the back panel.
6) Record the distance
7) Push forward until the piston is stopped by the hard stops
8) Observe if target is knocked down and record result
9) Repeat procedure from step 5 through 8 for three runs for the same distance
10) Repeat procedure from step 5 through 8 from 3’’ through 10’’, increasing the length
by 1’’ intervals
Results:
Pass: block is knocked down
Fail: block is not knocked down
Number of samples: 8 distances tested 3 times
Pull-Back Rod
Distance [in]
3
4
5
6
7
8
9
10

Run 1
P
P
P
P
P
P
P
P

Run 2
P
P
P
P
P
P
P
P

Run 3
P
P
P
P
P
P
P
P

Test Date(s): 5/3/22
Test Results: Pass
Performed By: Maddy Rossitto & Sean Porter
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Test Name: Air Cannon Enclosure Test

Purpose: Determining if the air cannon enclosure is effectively sealed to debris.

Scope: Tests the efficacy of the shower drain as a particulate deterrent and verify that sufficient
air flow can leave the cannon

Equipment:
•
•

Paper practice targets
Dirt/rocks/debris

Hazards:
•

Dirt and debris can blow into eyes or be breathed in; take caution to be clear of the exit
end of the air cannon when pushing the piston and do not push piston while attempting to
fill with dirt and debris

PPE Requirements:
•
•

Closed-toed shoes
Safety glasses

Facility: San Luis Obispo Botanical Garden, San Luis Obispo, CA

Procedure:
1. Verify all test participants are wearing proper safety equipment. These include closedtoed shoes and safety glasses to protect from dropping objects or getting dust in the eyes.
2. Attempt to throw dirt and rocks and debris into the air cannon
3. Move piston backwards and forwards to see if any dust can get in that impacts the range
of motion of the piston
a. Observe if any particulate flies out of the front end of the air cannon
4. Place target on stand and ensure that airflow is not affected / interaction between the
target and the cannon is not impacted or changed by the presence of dust (if any can get
into the drum)
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Results:

Test
Number

Target Knocked
Piston Travel
Piston Travel
Significant
Down
Forwards
Backward
Particulate Collected [P for Pass, F for
[P for Pass, F for Fail] [P for Pass, F for Fail] [Y for Yes, N for No]
Fail]

1

P

P

Y

P

2

P

P

Y

F

3

P

P

Y

F

Passing Criteria: Significant or damaging amount of particulate cannot be placed or thrown into
the drum; any particulate blown into the drum does not affect the piston’s range of motion or the
ability of the air cannon to interact with the target.

Test Date(s): 4/22/22

Test Results: Fail

Performed By: Maddy Rossitto
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Test Name: Air Cannon Disassembly and Reassembly

Purpose: Determining the time it will take for the piston cylinder assembly to be removed from
the housing and reinstalled. Determining if the disassembly and reassembly is a simple and
straightforward task and not cumbersome to those performing maintenance for the cannon.

Scope: Testing if the design of the air cannon allows it to be serviced within a reasonable
amount of time.

Equipment:
•
•
•
•

Socket wrench
Crescent Wrench
Keys for locks
Stopwatch

Hazards:
•
•
•
•

Rear drum housing is decently heavy, may require a second person to help remove
Rear drum housing could fall on feet
Pinch points can occur between the front and rear housing
Sharp edges may exist on the support walls

PPE Requirements:
•
•

Gloves
Closed-Toed Shoes

Facility: San Luis Obispo Botanical Gardens, San Luis Obispo, CA
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Procedure:
1) Verify all test participants are wearing proper safety equipment. These include closedtoed shoes and gloves.
2) Have all necessary tools nearby needed for disassembly and assembly of the air cannon.
3) Start the stopwatch and begin disassembling the air cannon.
4) Stop the stopwatch once the piston assembly with the shaft and piston are removed
from the housing as well as the two support walls.
5) Start the stopwatch again and begin reassembling the air cannon.
6) Check to ensure the air cannon is still functional and pushing air.
7) Stop the stopwatch and record the time. Repeat steps 2-6 two more times to get baseline
time.

Results:
Table 1: Test Time Results
Test Number
1
2
3
Average

Total Time (mm:ss)
14:54
14:45
14:44
14:48

Passing Criteria:
Disassembly and assembly of the air cannon < 15 minutes

Test Date(s): 04/22/22
Test Results: Pass
Performed By: Zachary Colwell
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Appendix E: DVP&R

E-1

E-2

